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I 

Introductio n 

THE BASIC TEXTUR E OF RESEARC H CONSIST S OF 

dream s into which the thread s of reasoning, measure ›
ment , and calculation are woven . 

This bookle t is the reincarnatio n of my "Bioener-
getics"1 which was hardl y mor e than a dream . So, it 
was a surpris e to me to find it translate d into Russian 
by the Academi a Nauk USSR, and to find that the in›
troductio n was writte n by A. Terenin , a leading figure 
of Soviet science. Tw o year s later , in the fall of 1959, 
the Atomi c Energy Committe e organized a meeting , 
in Brookhaven , on "Bioenergetics," which gave to the 
proble m the status of a mor e or less well-defined field 
of inquiry . 

Since 1957 my thought s have assumed a somewhat 
mor e definite form and even if I am unable to presen t 
final solutions, I am capable , at least, of asking a few 
questions mor e intelligently , weavin g in a few thread s 
of measurement , reasoning, and calculation. All the 
same, it is not withou t a great deal of anxiety that I 

1 "Bioenergetics," Academi c Press, New York , 1957. 
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publish this bookle t which will be the last instance of 
the repetitiv e patter n of my being drive n into fields in 
which I was a stranger . I starte d my researc h in his›
tology . Unsatisfied by the informatio n cellular mor ›
phology could give me about life, I turne d to physiol ›
ogy. Finding physiology too complex I took up phar ›
macology , in which one of the partners , the drug , is of 
simple nature . Still finding the situation too compli ›
cated I turne d to bacteriology . Finding bacteri a too 
complex I descende d to the molecular level, studyin g 
chemistr y and physica l chemistry . Arme d with this 
experienc e I undertoo k the study of muscle. Afte r 
twent y years ’ work , I was led to conclude that to un›
derstan d muscle we have to descend to the electroni c 
level, the rules of which are governed by wav e me›
chanics. So here again, I was drive n into a dimension 
of which I had no knowledge . In earlier phases I al›
ways hoped , when embarkin g on a new line, to maste r 
my subject . This is not the case with quantum me›
chanics. Hence my anxiety . 

I have not referre d to my persona l history as if, in 
itself, it would be of any importance . I have referre d 
to it because a most importan t question hinges on it: 
should biologists allow themselve s to be steere d away 
from this electroni c dimension because of their being 
unfamiliar with the intricacie s of quantum mechanics? 
At present , the number of those who maste r bot h sci›
ences, biology and quantum mechanics, is ver y small. 
Mayb e it will never be ver y great owing to the limited 
natur e of human life and brain . Both sciences claim a 
whole mind and lifetime. So, at least for the present , 
development s depend on some sort of hybridization . 
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In my opinion, at least temporarily , the best solution 
does not lie in the biologist s crossing over into physics , 
and vice versa, but in the collaboratio n of biologist 
and physicist . For this it is not necessary for the biolo›
gist to acquaint himself with the intricacie s of wav e 
mechanics. It is sufficient to develop a commo n lan›
guage with the physicist , get an intuitiv e grasp of the 
basic ideas and limitation s of quantum mechanics, to 
be able to isolate problem s for the physicis t and un›
derstan d the meaning of his answer . Similarly , the 
physicis t had bette r stay on his side of the fence rathe r 
than become , perhaps , a second-rat e biologist . If, for 
example , as a biologist , I am intereste d in energy levels 
of a substance , and am told that the highest orbita l of 
a substance has a k value of, say, 0.5, I can star t from 
this point . It is sufficient for me to know what k = 0.5 
means, and ther e is no need for me to know exactly 
how the value was arrive d at. In exchange, I can bring 
substances to the notice of the physicist , the k value 
of which might be of special importance . 

Ther e is only one warning I would like to give to 
the biologist s who ventur e into physica l problems . 
Ther e is a basic difference betwee n physics and biol›
ogy. Physics is the science of probabilities . If a proc ›
ess goes 999 times one way , and only once another 
way , the physicis t will not hesitat e to call the first the 
way . Biology is the science of the improbabl e and I 
think it is on principl e that the bod y work s only wit h 
reactions which are statisticall y improbable . If metab ›
olism wer e built of a series of probabl e and thermo -
dynamicall y spontaneous reactions , then we would 
burn up and the machine would run down as a watc h 
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does if deprive d of its regulators . The reactions are 
kep t in hand by being statisticall y improbabl e and 
mad e possible by specific trick s which may then be 
used for regulation . So, for the living organism, reac›
tions are possible which may seem impossible , or, at 
least, improbabl e to the physicist . Whe n Tutankha ›
men’s grav e was opened , his breakfas t was found un-
oxidized after thre e thousand years . This represent s 
the physica l probability . Had His Majest y risen and 
consumed his meal this would have been burne d in no 
time . This is biological probability . His Majesty , him›
self, must have been a ver y comple x and highly or›
dere d structur e of nuclei and electrons wit h a statis ›
tical probabilit y of next to zero . I do not mean to say 
that biological reaction s do not obey physics . In the 
last instance it is physics which has to explain them , 
only over a detou r which may seem entirel y improb ›
able on first  sight. If Natur e want s to do something , 
she will find a way to do it if ther e is no contradictio n 
to basic rules of Nature . She has time to do so.* 

All this makes the relationship of physicis t and 
biologist rathe r touchy . The biologist depend s on the 
judgmen t of the physicist , but must be rathe r cautious 
when told that this or that is improbable . Had I al›
ways accepte d the physicist’s verdic t as the last word , 
I would have given up this line of research . I am glad 
I did not. One can know a good theor y from a bad 
one by the former’s leading to new vistas and exciting 
experiments , while the latte r mostl y gives birt h only 
to new theories mad e in orde r to save their parents . 

* Living Nature also often work s with more complex system s 
than the physicis t uses for testing his theories . 
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Since I am workin g on my presen t line everythin g 
seems mor e colorful and I am even mor e eager to get 
to my laborator y in the morning than ever before . 

The biologist , embarkin g on this Une, is neither 
withou t help nor withou t encouraging examples . C. A. 
Coulson, in the first  volume of the "Advance s in Can›
cer Research " (Academi c Press, New York , 1953) has 
writte n an admirabl y clear unmathematica l revie w of 
the basic concept s of quantum mechanics. In the thir d 
volume of the same review s (1955) A. and B. Pullman 
wrot e equally clearly about comple x indices. Those 
who like to read French may find a mor e comprehen ›
sive revie w by the same authors in "CancØrisation 
par les substances chimiques et structur e molØculaire" 
(Masson, Paris, 1955). For detail s and some mathe ›
matic s one may apply to B. and A. Pullmans "Les 
thØories Ølectroniques de la chimie organique" (Mas›
son, Paris, 1952). The other extreme , a ver y brie f 
and popular summary , is found in B. Pullmans 
"La structur e molØculaire" (Presses Universitaire s 
France, 1957). Naturally , L . Pauling’s "The Natur e of 
the Chemica l Bonds" (Cornel l Universit y Press, 1948) 
should not be missing from one’s desk, nor Th. For-
ster’s "Fluoreszenz Organische r Verbindungen " (Got -
tingen 1951). Its next (English) edition is eagerly 
awaited. * 

As encouraging examples of the fruitfulness of this 
field I would like to mention the bold pioneering stud-

* In spite of these splendid contribution s it is difficult to deny 
that an up-to-dat e comprehensiv e treatment , writte n especially for 
the biologist , in a possibly unmathematica l language, is badly 
needed . 
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ies of A. and B. Pullman which starte d wit h the study 
of the electroni c structur e of carcinogenic hydrocar ›
bons, in which correlation s of electroni c structur e and 
carcinogenic powe r wer e established , which may be 
one of the first  major steps towar d understandin g can›
cer. If this bookle t does not contain a chapte r on this 
subjec t this is because the Pullmans have, themselves , 
given an account of their work which could not be 
equaled in clarity . The same authors have broke n 
ground also in various other fields of quantum me›
chanical biology , establishing electroni c indices for 
many biologically importan t catalysts, 2"4 and venturin g 
even into the field of enzymes 5 and high-energy phos›
phat e bonds. 6 

Whil e the quote d examples may encourage physi ›
cists intereste d in biology , B. Commoner 7"10 and his 
associates may be quote d for their pioneering studies 
in electro n spin resonance to cheer biologists inter ›
ested in submolecular phenomena . It was this work 

2 B. Pullman and A. Pullman, Proc. Natl. Acad. Sci. U.S. 44, 1197, 
1958. 

s B. Pullman and A. Pullman, Proc. Natl. Acad. Sci. U.S. 45, 136, 
1959. 

4 B. Pullman and A. M. Perault , Proc. Natl. Acad. Sci. U.S. 45, 
1476, 1959. 

5 A. Pullman and B. Pullman, Proc. Natl. Acad. Sci. U.S. 45, 1572, 
1959. 

6 B . Pullman, Radiation Research, 1960. 
7 B . Commoner , J . Townsend , and G, E. Pake, Nature 174, 689, 

1954. 
8 B. Commoner , J . J . Heise, B. B. Lippincott , R. E . Norberg , J . V. 

Passoneau, and J. Townsend , Science 126, 3263, 1957. 
9 B . Commoner , ´ . B. Lippincott , and Janet V. Passoneau, Proc. 

Natl. Acad. Sci. U.S. 44, 1099, 1958. 
1 0 ´ . Commone r and ´ . B. Lippincott , Proc. Natl. Acad. Sci. U.S. 

44, 1110, 1958. 
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which led to the first  direc t experimenta l evidenc e for 
the participatio n of free radical s in the one-electron 
enzymi c electro n transfer , as outlined in the classic 
studies of L . Michaelis. 11 

1 1 L . Michaelis, Fundamental s of Oxidatio n and Reduction , In "Cur›
rents in Biochemical Research/ ’ D. E . Green (Ed . ) , Inter -
science Publ., New York , 1946. 
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II 

Wh y Submolecular Biology? 

Th e Proble m is Stated 

LOOKE D AT FROM A DISTANCE , THE HISTOR Y OF 

biochemistr y seems to be but a series of astounding 
successes, a blaze of glory . The rat e of progres s shows 
no decremen t and it looks as if soon we could strik e 
out "don t know" from our vocabulary , altogether . 
Why , then, talk about "submolecular biology" until 
molecular biochemistr y has run its full course? 

Ther e is no doub t about these successes. All the 
same, if one does not allow oneself to be blinded by 
them and approache s biochemistr y wit h a dark -
adapte d eye, big gaps in our knowledg e becom e evi›
dent . Le t us consider some of the main problem s of 
chemical biology , startin g wit h metabolism . Biochem›
istry has unraveled the complex cycles of intermediar y 
metabolis m and has shown that the main objec t of this 
metabolis m is to prepar e the foodstuffs for their final 
oxidation in which their energy is used to couple one 
molecule of phosphat e to ADP, producing , thereby , 
AT P (Fig. 19) . In this process the energy of the food›
stuff is translate d into the energy of the termina l 
"high-energy phosphat e bond," ^ , of a ver y specific 
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molecule. It is only in this form that the energy of the 
foodstuffs can serve as fuel for the living machiner y 
and driv e it. This "oxidativ e phosphorylation 9 is thus 
the centra l event of metabolism . Its mechanism is com›
pletel y unknown. 

W e are equally ignorant about the reversa l of this 
process , the release of the energy of the ^ of ATP . 
How these ^’s driv e life, how their energy is trans ›
lated into various forms of work , w, be they mechani›
cal, electrical , or osmotic , we do not know, although 
this transformatio n may be the most centra l proble m 
of biology . W e know life only by its symptom s and 
what we call "life" is, to a great extent , but the orderl y 
interpla y of these various u/s; since the dawn of man›
kind, deat h has been diagnosed , mostly , by the ab›
sence of one of these tvs, expressing itself in motion . 
W e do not know how motion is generated , how chem›
ical energy is transforme d into mechanical work . 

Physiology has shown that the various functions of 
our bod y are regulate d and coordinate d by hormones 
and the biochemis t will proudl y show the row of vials 
containing these mysteriou s hormones mostl y in the 
form of nice, crystallin e powders , some of which might 
have been prepare d synthetically . The same is tru e 
for the various vitamins , the catalogue of which seems 
near completion . The biochemis t will be able to give 
us the structura l formula of most of these substances . 
The really intriguing problem , however , is not what 
these substances are, but what they do, how they act 
on the molecular level, how they produc e their ac›
tions. Ther e is no answer to this question . The same 
holds tru e also for the majorit y of drugs . 

As to the living machiner y itself, the biochemis t will 
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tell you that its centra l part s are proteins , nucleic 
acids, and nucleoproteins . He will point out the great 
progres s mad e in the structura l analysis of these sub›
stances, show their building blocks , amino acids and 
nucleotides , their links and relativ e position , will speak 
about bond angles and distances and the various 
helices formed . But, if we ask why Natur e has put to›
gether that ver y great number of atoms in that ver y 
specific way , what propert y did she want to achieve, 
our biochemis t will becom e silent. One of the basic 
principle s of life is "organizatio n ’ by which we mean 
that if tw o things are put togethe r something new is 
born , the qualities of which are not additiv e and can›
not be expressed in term s of the qualitie s of the consti›
tuents . This is tru e for the whole gamut of organiza ›
tion, for puttin g electrons and nuclei togethe r to form 
atoms , atoms to molecules, amino acids to peptides , 
peptide s to proteins , protein s and nucleic acid to nu›
cleoproteins , etc. Wha t Natur e had in mind when do›
ing this we cannot even guess at present . So here, too, 
we find the door to the centra l proble m locked . 

Ther e are various circumstance s which mak e this 
situation rathe r disturbing . First, these unanswered 
questions are the centra l and most intriguing problem s 
of biology . Anothe r rathe r disturbin g fact is that cor›
respondin g to lacunas in our basic knowledge , ther e 
are lacunas in medica l science and a great number of 
"endogenous" or "degenerative " diseases still rampag e 
freely , causing endless suffering. But the most disturb ›
ing fact is that while biochemistr y is still progressin g 
in the fields wher e it has alread y been successful, it 
makes practicall y no progres s in solving the problem s 
mentioned . It looks as if the problem s of biology could 
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be divide d into tw o classes: those which curren t bio›
chemistr y can solve and those which it cannot. It looks 
as if something ver y important , a whole dimension, 
might be missing from our presen t thinking withou t 
which these problem s cannot be approached . 

Ther e is no doub t in the author’s mind what this 
missing dimension is. The story is simple and logical. 
Biochemistr y came into bloom at the end of the last 
century . At that time , matte r was thought to be built 
of ver y small, indivisibl e units, atoms . Molecules wer e 
the aggregate s of these atoms . Ther e wer e about 90 
different sort s of atoms which wer e symbolize d by 
various letters , while their links wer e denote d by 
dashes. No doubt , this letter-and-das h language ranks 
among the greates t achievement s of the human mind 
and is responsibl e for all the amazing successes of bio›
chemistry . If we go through the list of problem s enu›
merate d above , we will find that the ones wit h which 
biochemistr y was successful wer e problem s of struc ›
ture , or changes of structur e taking place in simpler 
reactions which could be duplicate d mostl y in homo›
geneous solutions, and could be expressed and an›
swered in term s of letter s and dashes, while the prob ›
lems which remaine d unanswered wer e problem s of 
function of complex system s which cannot be ex›
pressed in this language. How could a reactio n such 
as muscle contraction , the main produc t of which is 
not a substance , but work , to, be expressed in these 
terms ? 

The language of curren t biochemistr y is still that of 
letter s and dashes which means that this science is still 
moving in the same molecular dimension as it was 
moving at its birt h in the last century . But since that 
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time its paren t science, chemistry , allying itself with 
physics and mathematics , mad e a dive into a new di›
mension, that of the submolecular or subatomi c di›
mension of electrons , a dimension the happenings of 
which can no longer be describe d in the term s of 
classic chemistry , the rules of which are dominate d by 
quantum , or wave , mechanics. Looke d at throug h the 
glasses of this new science the atom is no mor e an in›
divisibl e unit but consists of a nucleus surrounde d by 
a cloud of electrons wit h varyin g and fantasti c shapes, 
and it seems likely that the subtle r phenomena of life 
consist of the changing shapes and distribution s of 
these clouds. 

Biochemistr y did not follow its paren t science, 
chemistry , into this new subatomi c dimension, which 
may hold the key to the understandin g of the subtl e 
biological functions. An example may illustrat e the 
point . On the left side of Fig. 1 stands the classic 

FIG. 1. Classic formula and molecular diagram of the pyridin e 
end of DPN. 

formula of the pyridin e end of DPN expressed in 
classic symbols . It tells us that the pyridin e ring is 
built of five equal C atoms and an ˝  which has a posi›
tiv e charge. On the right side of the same figure is the 
"molecular diagram " of the same substance , as found 
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in a recent publicatio n of the Pullmans.* The number s 
coordinate d to each atom indicat e the electri c charge. 
They tell us that each atom has a different charge and 
the molecule is thus surrounde d by an electroni c cloud 
of ver y complex structure . The positiv e charge is di›
vided unequally over the one ˝  and five C atoms of 
the ring while the negativ e charges are relegate d to 
the side chain. This figure should be complete d by 
thre e mor e sets of numbers , one set giving informa›
tion about what is called the "free valency" of the 
single atoms of the ring, the other describin g the 
"bond-order " of the links, and the thir d giving the 
"localization energies." Whil e the classic formula 
attribute d to the whole molecule but an overal l shape 
and a dipole moment , in the molecular diagram ever y 
atom of the ring assumes a personality , a profile , a 
high degre e of specificity and the whole structur e be›
gins to assume that subtlet y which we can expect from 
any structur e taking par t in biological reactions . 

Whil e atoms and molecules wer e reveale d to be 
complex littl e universes , their stric t individualit y has 
been broke n down by "solid stat e physics." If many 
atoms form a regular and closely packe d system , they 
may develop new properties . If, for instance, a great 
number of coppe r or iron atoms get togethe r in a spe›
cific order they may develop electri c conductivity , 
which is a collectiv e propert y due to the interactio n 
of the wav e mechanical propertie s of the single units. 
Even macromolecule s may develop solid stat e prop ›
erties . So, in orde r to approac h the centra l problem s 
of biology we have to extend our thinking in tw o op›
posit e directions , into bot h the sub- and supramolecu -

* Ref. 3, page 6. 
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lar. The two , in a way , are identical , the supramolecu -
lar qualities being but the collectiv e action of the sub-
molecular factors , supplyin g a new example of "or›
ganization." Similarly , we can expect entirel y new 
propertie s to develop also when these molecules or 
molecular aggregate s interac t wit h the general matri x 
of life, water , forming wit h it a new and unique sys›
tem . The elucidation of all these interrelation s may 
eventuall y lend to our thinking the plasticit y which 
may be necessary to approac h life and the meaning of 
that unique system called the "cell." 

The approac h to these new dimensions may be a 
difficult one, and many of the ideas to be presente d 
here may seem hazy and doubtful . The unknown offers 
an insecure foothold . Wha t admit s no doub t in my 
mind is that the Creato r must have known a great 
deal of wav e mechanics and solid stat e physics , and 
must have applied them . Certainly , He did not limit 
himself to the molecular level when shaping life just 
to mak e it simpler for the biochemist . 
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Ill 

Th e Energy Cycl e of Life 

IN OUR FIRST APPROAC H W E WIL L DO WEL L TO 

take a broa d view. The broades t view we can take of 
energetic s of life consists of considering the whole 
living world , tryin g to see how energy drive s it. It is 
common knowledg e that the ultimat e source of this 
energy is the radiatio n of the sun. If a photon , ejecte d 
by the sun, interact s wit h a materia l particl e on our 
globe, it lifts an electro n from an electro n pair in the 
ground stat e to a higher empt y orbital , as symbolize d 
by the upwar d pointing arro w in my Fig. 2,A. As a 
rule, the electro n drop s back within a ver y short tim e 
to its ground level, as symbolize d by the downwar d 
pointing arrow . Life has shoved itself betwee n these 
tw o processes and makes the electro n drop back within 
its own machinery , utilizing its energy , as symbolize d 
by the semicircl e in Fig. 2,B. In orde r to do this effi›
ciently it must meet the electro n wit h a specially built 
substance (mostl y chlorophyll ) and couple this sub›
stance to a system which convert s the ver y labile elec›
troni c excitatio n energy into a mor e stable chemical 
potential , into chemical energy , that is the energy of 
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a system of electrons of a stable substance . Accordin g 
to our presen t knowledg e this is done, to a great extent , 
by using the energy of the excited electro n to separat e 

the elements of water , H 2 0 . * The ˇ  is sent as O2 into 
the atmospher e while the ˙  become s coupled to a 
pyridin e nucleotide , TPN + or DPN+, which thus be›
comes reduce d into TPNH or DPNH, as shown by the 
work emanatin g from the laborator y of D. Arnon 12 and 
others . Simultaneously , also, AT P is formed from ADP 
and P, convertin g par t of the energy into that of the 
termina l "r**" of ATP . The pyridin e nucleotide is sym›
bolized in my Fig. 2,C, by a triangle , while the squar e 
and circle abov e it express the fact that pyridin e nu›
cleotides and AT P are unfit to store energy in quantit y 
and so their energy may be converte d into other 
forms mor e fit for storage . This is done by absorbin g 

* I will consider here only the classic "open" cycle of photo ›
synthesis . For the simpler and "closed" forms see D. I. Arnon. 12 

» D. I. Arnon, Nature, 184, 10, 1959. 
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CO2 from the atmospher e and reducin g it to carbo ›
hydrat e and water , as symbolize d by the left side of 
my Fig. 3, the square standing for carbohydrate , the 
circle for fat. 

AU this require s much tim e and a bulky  apparatus , 
and so we let the plant s do it and then eat the plant , 
or eat the cow which has eaten the plant . This, our 
eating, is symbolize d in Fig. 3 by the horizonta l arrows , 
while on the right side of the same figure I trie d to 
symbolize , in a most sketchy and symboli c manner , 
what we do with these substances . W e transfer the H 
atoms of the carbohydrat e mostl y back onto a pyridin e 
nucleotide , releasing the C in the form of C 0 2 . Vennes-
land, Westheimer , and their associates, 13’14 by the iso›
top e technique , have actually identified the H de›
tached from metabolite s with the H coupled onto the 
pyridin e nucleotide . The DPNH or TPNH, in their 
turn , reduc e flavine-nucleotides  (FMN) but the H’s 
found on FMNH2 could no longer be identified with 
those of DPNH or TPNH and so it seems likely that 
what is transferre d from these to FMN are not H’s but 
are electrons , and the H’s found on FMNH 2 in test 
tub e experiment s are derive d from the universa l sol›
vent , water , from which the negativel y charged FMN" 
capture d protons . Kosowe r et al.15 have shown DPN 
to be a good electro n donor . 

DPN+ needs for its reductio n to DPNH one H and 
one electron . It can thus tak e up (and give off) bot h 
1 3 H. F. Fisher, ¯ . E . Conn, B. Vennesland, and F. H. Westheimer , 

/. Biol. Chem. 202, 687, 1953. 
1 4 F. A. Loewus , F. H. Westheimer , and B. Vennesland, J. Am. 

Chem. Soc. 75, 5018, 1953. 
1 8 ¯ . M. Kosowe r and P. E . Klinedinst , / . Am. Chem. Soc. 78, 

3493 and 3497, 1956. 
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H’s and electrons ; it is, so to speak, an exchange coun›
ter at which the H’s of the foodstuffs can be exchanged 
for electrons , which then are sent down the oxidativ e 
chain over FMN. From FMN the electrons go from 
substance to substance , of which I quoted , in Fig. 3 
as an example , cytochrom e b, c, and a.* Eventually , 

˜  ÔÑ˝,ˇÑ ˝ 
�  carbohydrat e 
ˇ  fat 
FIG. 3. Symbo l of photosynthesis . (See text. ) 

the electro n is taken up by the 0 2 which then binds ˙ 
ions and is thus reduce d to H 2 0 . In H 2 0 the electro n 
reaches its lowest energy level having given up its 
energy stepwise . The energy thus given up is converte d 
with some loss into the energy of the ^ of ATP . 

* Electrons are sent down the chain also via succinate which 
mediate s betwee n this chain and the citri c acid cycle. For sim›
plicity’s sake this has been omitte d from the figures, as well as other 
intermediar y catalysts , as the Q coenzym e and the free Fe which, 
according to D. E . Green 16 also may play an importan t role in 
electron transmission . 

1 6 D. E . Green, Adv. Enzymol 21, 73, 1959. 
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The point which I want to bring out is that apar t 
from the proces s of excitatio n (vertica l arrow) , the 
right-hand side and left-hand side of my Fig. 3 are 
essentially identical . Being separate d only by hori›
zonta l arrow s which represen t our (theoretically ) un›
interestin g eating, we can pull the tw o sides together , 
as I have done in Fig. 4. Since carbohydrat e and fat are 

C 0 a * H20 
ˆ \ AU V 

FIG. 4. Symbo l of photosynthesis . (See text. ) 

but side lines, we can leave them off too, and complet e 
the sketch wit h the main actor of this drama , the good 
old sim, as has been done in Fig. 5. In this figure we 
have thus the essentials of the energy cycle of life, 
which consists of electrons being boosted up by pho›
tons, and then droppin g back to their ground level 
through the living systems , giving up graduall y their 
excess energy which then drive s the living machinery . 

This Fig. 5 contains nothing beyon d common knowl›
edge. All the same, it helped me to clarify my mind 
about thre e essential points which form the corner ›
stones of my thinking. First , it mad e me see that life 
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is drive n by nothing else but electrons , by the energy 
given off by these electrons while cascading down 
from the high level to which they have been boosted 

FIG. 5. Symbo l of photosynthesis . (See text. ) 

up by photons . An electro n going around is a littl e cur›
rent . Wha t drive s life is thus a littl e electri c current , 
kep t up by the sunshine. All the complexitie s of inter ›
mediar y metabolis m are but lacework around this 
basic fact. The second point is that what is left behind 
by the electrons is but AT P and DPNH or TPNH. So 
these substances have to be the real fuel of life. My 
third point is that in this cycle the electrons go it alone. 
They are booste d up, one by one, and go through the 
cytochrom e series, one by one, the centra l Fe atom 
being capabl e of a monovalen t change only. It seems 
likely to me that they go alone throughout the whole 
cycle. I will finish this chapte r by telling why these 
points are so importan t for me. 

I have to go back to my school days when I was 
taught that life is drive n by burning processes and the 
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oxidativ e energy is released in reaction s taking place 
betwee n colliding molecules. If molecule X collides 
with molecule Y  and oxidizes it, the free energy of the 
system is decrease d by a AF which was supposed to 
driv e life. X and Y , as other molecules, are closed sys›
tems and so is X Y formed during their interaction . I 
could never see how a change taking place in a closed 
system can driv e anything outside . It is like energy 
released in a closed box. So the AF remaine d for me 
but an item for my thermodynami c bookkeepin g and 
not something wit h which one can buy something.* 
The droppin g electro n suggested by Fig. 5 is some-

e * 
�s>ej« �  ADP+ P 

e < �  I �=>AT P 

FIG. 6. Symbo l of oxidativ e phosphorylation . (See text. ) 

thing different : it is a littl e curren t by which I could 
driv e anything , a dynam o or a muscle machine, or 
produc e "^¾ ’ by it. In orde r to produc e wit h it I 
would simply have to put a "black box"f (Fig. 6 ) be›
twee n its tw o levels in question , into which box I 
would feed high-energy electrons , ADP, and Ñ  on top 

* The thermodynami c bookkeepin g is most importan t because it 
keeps us from talking nonsense. Our "debit " and "credit " accounts 
must tally and the final figures must conform to the two basic laws, 
the first  of which tells that you cannot get something for nothing, 
and you cannot overdra w your banking account, while the second 
warns you that there is an overhead charge for any transaction . So 
thermodynamic s only tells us whether a reaction is possible or not 
but tells us nothing about its nature or mechanism. 

t By "black box" is meant , according to curren t usage, some un›
known reaction which one hopes to clarify later . 
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to pull out AT P and a tire d electro n at the bottom . In 
order to driv e life later wit h my AT P I would only 
have to turn the box upside down, feed in AT P at one 
end to pull out a high-energy electro n (and ADP + P ) 
at the other . So the question , how AT P can driv e life, 
can produc e contractio n in muscle, narrowe d down 
the proble m for me, for instance, to how the energy 
of its can be transforme d into electroni c energy 
(see Chapte r X ) . 

The electrons "going alone" also need some addi ›
tional explanation . At school I was taught that organic 
reducin g agents are substances which can give off tw o 
H’s or tw o electrons while oxidizing agents can take up 
tw o H’s or electrons , have thus tw o stable state s which 
differ from one another by tw o H’s or tw o electrons. * 
To quote Michaelis and Schubert 17: "Usually, in org›
anic compounds , reductio n is bivalent , that is it in›
volves taking up tw o electrons . This is because almost 
withou t exception , the compound s which we have con›
sidered as stabl e organic molecules contain an even 
number of electrons." 

Wha t matter s here is that in such a bivalen t redox 
process the tw o molecules, oxidant and reductant , 
meet , assume a new stabl e configuration after having 
lost or gained tw o electrons , then part . I was unable to 
see how the ˜ Ñ  of such an encounter wit h the subse›
quent interna l rearrangemen t of molecular structur e 

* H’s and electrons are equivalent since a negative charge can 
easily be exchanged for an H by capturin g a proton , and vice versa : 
A 2- + 2H+ ^ AH 2. 

1 7 L . Michaelis and M. P. Schubert , Chem. Rev. 22, 437, 1938. See 
also ref. 11, on page 7. 

24 



could driv e anything . This situation was not changed 
by the discover y of monovalen t oxidation by Michaelis. 
To use his words : "all oxidations of organic molecules, 
although they are bivalent, procee d in tw o successive 
univalent steps , the intermediat e stat e being a free 
radical. 1 8’19 In Michaelis’ idea the situation is thus 
analogous to that in Noah’s ark wher e the animals had 
to go two-by-two . Michaelis allows them only to pass 
the bridg e one-by-one . 

The distinctio n is important . A bivalen t oxidoreduc -
tion is a classic chemical reactio n which involves a re›
arrangemen t of molecular structur e while a monovalen t 
electro n transfer , an electro n going it alone, is a littl e 
curren t which does not necessarily involve such re›
arrangement . The sideline in Fig. 4 is what is usually 
summed up as "intermediar y metabolism " and is com›
posed of a host of classic chemical reactions , and will 
not occupy us further ; but what goes around in the 
semicircl e and is drivin g life is a current , single elec›
trons cascading down and giving up their energy 
piecemeal . A curren t can do anything but cannot be 
expressed in classic chemical terms . A wanderin g elec›
tro n belongs to the worl d of changing shapes and 

1 8 L . Michaelis, The Theory of Oxidatio n and Reduction , in "The 
Enzymes, " J . B. Sumner and K. Myrbâc k (Eds.) , Vol. II, Part 
I, p. 1. Academi c Press, New York , 1951. See also ref. 11 on 
page 7. 

1 9 W . H. Westheime r (in the "Mechanism of Enzym e Action," W . 
D. McElro y and B. Glass (Eds.) , page 321, Johns Hopkins 
Press, Baltimore , Md. 1954) has challenged the universal ap›
plicabilit y of this statemen t and has given examples in which 
oxidations may occur without passing through the free radica l 
intermediate . So, according to his views , the word "all" would 
have to be replaced by "many" in the above quotation . 
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distribution s of those electro n clouds which belong 
to the submolecular , dominate d by quantum me›
chanics.* 

* This distinctio n betwee n classic chemical reactions and mono›
valent electron transfer is not invalidate d by the fact that in the 
last analysis also a classic chemical reaction is but the end produc t 
of a series of quantum changes. Nor is the distinctio n invalidate d 
by the fact AT P is also formed in the intermediar y metabolism . 
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IV 

Units and Measures 

IN ORDER TO DISCUSS ENERGY CHANGES , CORRELAT E 

facts, make numerica l statement s or predictions , we 
need units and measures . This chapte r will be devote d 
to a brie f discussion of the main possibilitie s available 
at present . 

REDO X POTENTIAL S 

A transmissio n of electrons from one substanc e to 
another means the oxidation of the one and the reduc ›
tion of the other . W e can also place the solution of 
reductan t and oxidant into tw o different beaker s and 
make the electrons pass from the one to the other 
throug h a wire . The "stronger " a reducin g agent, the 
mor e it will tend to give off electrons and charge up 
the electrode , while the opposit e will hold tru e for 
the oxidant . The potentia l difference betwee n the tw o 
solutions will give us informatio n about the free energy 
change of the oxidoreductio n which would take place 
betwee n the tw o substances if we wer e to mix their 
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solutions, one EV (electro n volt ) being equal to about 
23 kcal.* 

The redox potential s can give us a great deal of most 
useful information . They create d order among the 
host of oxidizing and reducin g agents, allowing us to 
arrang e them in a row accordin g to their oxidizing or 
reducin g power . They also allow us to make numerica l 
statement s about the energy changes taking place 
in the oxidation cycle. The potentia l difference betwee n 
DPNH and 0 2 , which correspond s to the semicircl e in 
Figs. 2-5, is about 1.1 EV, 25 kcal, a rathe r modes t 
amount . Life, from the energy point of view, is a ver y 
modes t phenomenon indeed . But even this small 
amount of 25 kcal seems to be turne d in at the first 
step for small change, the energy of the of AT P 
which is about 10 kcal.f Maybe , the subtle structure s 
which mak e the living machiner y cannot be exposed 
to the destructiv e action of higher quanta . 

These values put limitation s on our speculations 
about bioenergetics . Ther e are many reasons to temp t 
one to involve excited state s of molecules in biological 
oxidation , but the energies needed to raise an electro n 
from the ground stat e into the first  excited level in 
one and the same molecule are mostl y considerabl y 
higher than 25 kcal. For example , to lift an electro n 

* It is customar y to measure the potentia l of the tw o substances 
in question one by one against some standar d electrode , as the nor›
mal H electrode . Since limiting conditions are not well defined, one 
usually does not measure the potentia l of a pure oxidizing or re›
ducing agent but measures the potentia l of an isomolar mixtur e of 
its oxidized and reduced form. 

f The smaller values found experimentall y 6000-8000 cal, relat e 
to standar d conditions, equimolar mixture s of AT P and ADP. The 
ADP concentratio n in tissues is negligible and so the free energy of 
ATP is correspondingl y higher. 
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in DPN from the ground stat e into the first  excited 
level of the same molecule, we would need a quantum 
of about 85 kcal (these substances having their absorp ›
tion in the UV) . No one has yet demonstrate d the pro ›
duction of such a high-energy quant a in oxidativ e 
metabolism . Even a substance absorbin g at the red 
end of the spectru m would deman d 40 kcal for its ex›
citation . Such transition s can be produce d by absorbe d 
photons . So we have to distinguish betwee n processes 
induced by photons , like photosynthesi s or vision, and 
processes occurrin g in the normal metabolism . This 
book will be concerned only wit h the latter . 

It is true , the firefly  may objec t to such a distinction , 
demonstratin g by its greenish light that it is capabl e 
of producin g quant a of 60 kcal, and one could think 
that bioluminescence may not be an isolated phenom›
enon but merel y a leak in a metaboli c process . In 
fact, ther e are even report s about light emitte d by 
germinatin g seeds. 20 All the same, this does not neces›
sarily mean that electrons have been excited from the 
ground stat e to the excited level within one and the 
same molecule. To this point I will come back later ; 
meanwhile , I will maintain the distinction . 

Lik e any method , the measuremen t of redo x poten ›
tials also has its shortcomings . First, it gives us only 
thermodynami c dat a which is to say that the potentia l 
measure d will not tell us how fast a reactio n will go. 
Ther e are strong reducin g agents, e.g. agents contain›
ing S H groups , which will react ver y sluggishly with 
the electrode , or not react at all. Second, the standar d 
conditions applied in our experimen t are not identica l 
2 0 L . Colli, U. Facchini, G. Guidotti , R. Dugnani, M. Orsenigo, and 

O. Sommariva , Experientia, 11, 479, 1955. 
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with the conditions in the living cell. Third , the energy 
changes may be different accordin g to the dielectri c 
constant s of the medium . In our measurement s in vitro 
we usually use wate r as a solvent . D. E . Green 21 has 
always strongly emphasize d that the matri x of the oxi›
dation cycle within mitochondri a consists of lipid 
material , is hydrophobic , and energy values may be 
quit e different in such a medium . 

Another mor e serious limitatio n is due to the fact 
that only the potentia l of substances can be measure d 
which can freely give up electrons , that is, have tw o 
stable state s which differ from one another , as a rule, 
by tw o electrons . As will be shown later , ther e are 
reasons to believe that ther e are organic substances 
which play an importan t role in biology and are capa›
ble of giving off one electro n only and have no stable 
stat e which would correspon d to such a one-electron 
transfer . These substances will give no potentia l at all. 
This shortcomin g is not relieved by the fact that free 
radicals , which can give or take up one electron , might 
give a potentia l and Michaelis and his associates* 
wer e capabl e of measuring the potentia l of various 
free radical s formed on the way to bivalen t oxidations 
at unphysiologica l pH’s. 

If we measur e the free energy change of a redo x 
process then we measur e not only the energy change 
involved in transferrin g one or tw o electrons from the 
one substance to the other , but measure the tota l 
energy change which includes also the energy changes 
taking place in the rearrangement s within the tw o in›
teractin g molecules, rearrangement s which have to 

* Ref. 17 on page 24 and ref. 18 on page 25. 
2 1 D. E . Green and R. L . Lester , Fed. Proc. 18, 987, 1959. 

30 



accompan y the transfer of tw o electrons and cannot 
do externa l work . Ver y often one would like to know 
the free energy change which correspond s solely to the 
transfer of an electron , uncomplicate d by consecutiv e 
structura l changes. 

IONIZATIO N POTENTIAL S AND ELECTRO N AFFINITIES 

If an electro n passes from one molecule to another , 
from a donor (D) to an accepto r ( A ) , energy may be 
gained or lost. In orde r to evaluat e the change in our 
thought s (and in our thought s only) we can mak e 
the electro n pass over a detour , in tw o moves . In the 
first  imaginary mov e we take the electro n from D, al›
togethe r removin g it into infinity, while in the second 
mov e we drop it from infinity onto A . This procedur e 
has the advantag e that we have a fixed point : the 
energy of the electro n in infinity. In infinity all elec›
trons can be supposed to have the same energy . 

This menta l experimen t is symbolize d in Fig. 7A in 
which we take the electro n from the molecule D and 
then drop it onto one of the A’s. In this figure the 
thick lines stand for the highest filled energy level, 
the "ground state, " occupied by an electro n pair . If we 
remov e an electro n from an atom or molecule it is, as 
a rule, this level from which we remov e it. In orde r 
to remov e it we have to impar t to it sufficient energy 
to be able to mov e through all the empt y levels (sym ›
bolized by thinner lines), beyon d the last one of which 
lies infinity. This energy , symbolize d by the upwar d 
arrow , has close relations to what is called "ionization 
potential." 22 The higher the ground stat e lies, the 
shorte r the arro w and the less energy will be needed 

22 R. S. Mulliken, Phys. Rev. 74, 736, 1948. 
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to remov e the electron , the smaller its ionization po›
tential , the greate r the tendenc y of the molecule or 
atom to "donate" an electron , the stronger donor it 
will be. 

3 ^ Ø 

�x l f 

o� 
- V 

FIG. 7A. Symbo l of the ionization potentia l and electron affinity. 
(See text. ) 

FIG. 7B. Schematic representatio n of energy levels of an atom. 
Thick lines: occupied levels. Thin lines: empt y levels. (See text. ) 

To make such symbol s more intelligible we could suppose that 
the atom is surrounde d by a number of spherical filled and unfilled 
orbitals . In Fig. 7B the filled ones are symbolize d by thick , the 
empt y ones with thin, lines. It is the lower levels which are filled 
and the higher ones which are empty . The lines in Fig. 7A would 
correspon d to the section of the orbital s enclosed by the oblong. In 
most other figures, similar to 7A, only the highest filled and lowest 
empt y orbital s will be given. The symbol s will also hold for the ð 
electrons of more complex molecules, which *JT electrons are non-
localized and belong to the whole molecule, or at least to its system 
of conjugated double bonds . 

The situation will be mor e complicate d in our sec›
ond mov e in which we drop the electro n onto the 
accepto r in which the electro n will have to occupy the 
lowest empt y energy level. The energy released in this 
act is symbolize d by the downwar d arro w and is called 
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the "electron affinity" ( E A ) . Wha t complicate s the 
situation here is the fact that by addin g one electro n 
we distur b the postion of all energy levels, and so the 
energy of the orbita l which this adde d electro n even›
tually occupies will not be identica l wit h the energy of 
the lowest energy level which existed prior to our 
manipulation . The lower the new level lies, the 
greate r the ¯  A (the longer the downwar d arrow) , the 
mor e energy will be gained in this mov e and the mor e 
the atom or molecule will tend to accept an electron , 
the stronger accepto r it will be. 

If ther e wer e no other factor s involved , we could 
predic t the energy change accompanyin g the electro n 
transfer from the difference in length of the upwar d 
and downwar d arrows , EA-IP . Mor e energy would 
thus be gained in the transfer of an electro n from D 
to A 2 than to Ai, the EA of A 2 being greater , its arro w 
longer. That the change in energy will not be equal to 
EA-I P is due to the fact that ther e are additiona l com›
plications . Such a complicatio n is introduce d by the 
fact that the transfer of the electro n may alter also the 
interrelatio n of the D and A molecules, as well as their 
relation to the solvent . As will be discussed later , D 
and A must be ver y close to one another if an electro n 
has to pass betwee n the two . This implies that ther e 
can hardl y be any solvent molecules betwee n them , 
ther e will be solvent molecules only outside the DA 
complex . It is easy to see that polar solvent molecules, 
like those of water , with their strong dipole character , 
will exert a strong attractio n on the electro n trans ›
ferred , will tune down the electropola r attractio n be›
twee n the tw o interactin g molecules and may even en›
able the tw o molecules to part , each with its unpaired 
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electron , as a "free radical. " Whil e the tw o molecules 
are in close proximit y the transferre d electro n may 
also resonat e betwee n the two , contributin g wit h its 
resonance energy to the balance of forces. Summing 
up, we can thus say that the change in energy will 
not be equal to EA-IP . If we lump all the other factor s 
as ˜ , we could say that the change in energy accom›
panying the transfer of an electro n will be equal to 
EA-I P + ˜ . 

In spit e of all these complication s IP and EA are 
most useful parameters . In the experimen t we can 
often simplify the complex situation. W e can, for in›
stance, as we will discuss later , couple one and the 
same accepto r to a number of various donors , using 
always similar solvents . In this case, the only variabl e 
will be the qualit y of the donors , and so the situation 
will be dominate d solely by their IP. W e can also 
revers e the situation and use the same donor with 
different acceptor s to make the EA of the acceptor s 
come to the fore. 

Unfortunately , the ionization potential s are but 
poorly known, and the electro n affinities are hardl y 
known at all. Ther e are various method s for the meas›
uremen t of the ionization potentials , which give fairly 
consistent result s in themselves , but the result s ob›
tained by the different method s may differ from one 
another by as much as one EV, which is about as 
much as the tota l energy released in the whole bio›
logical oxidation . 

Moreover , distinctio n should be mad e betwee n 
ionization potential s measured by fast and slow meth ›
ods. The electro n can, for instance, be tor n off by a 
light quantum within 10~15 seconds, which time is too 
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short to allow any changes in the molecular configura›
tion and would thus revea l purel y the energy used in 
this act of removin g an electron . Othe r method s are 
slower than this optica l metho d and may thus yield 
comple x quantitie s compose d of the energy of tearin g 
the electro n off and the energy changes due to the 
changes in molecular configuration accompanyin g the 
remova l of the electron . The ionization potential s given 
in table s relat e mostl y to measurement s in the gas 
phase. In biology we are concerned wit h condensed 
phases, mostl y water y solutions in which the ioniza›
tion energies may be quit e different . 

But even if ionization potential s and electro n affini›
ties give us, at present , but modes t help in our work , 
they can provid e a backbon e for our thinking, pre ›
senting a clean-cut case of the remova l and additio n of 
an electron , into which we can, at least in thoughts , 
decompos e the transfer of an electro n from one sub›
stance to another . 

ORBITA L ENERGIE S 

Tw o method s are commonly used for the calculation 
of energy levels of molecules. One is the molecular 
orbita l metho d in the LCA O approximatio n (Linear 
Combinatio n of Atomi c Orbitals) , the other the va›
lence bond method . For calculations involving but the 
simples t molecules one is restricte d to the LCA O 
metho d which has been applied extensively by B. and 
A. Pullman and G. Karrema n to calculate the energy 
levels in a great number of molecules taking par t in 
different biological reactions. * These calculations are 
ver y involved and deman d not only a heavy mathe -

* See quotation s in Tabl e I. 
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matica l armory , but also much experienc e and intui›
tion. The calculations are restricte d to the case of mo›
lecular orbitals , that is, to cases wher e the molecule 
has a system of delocalized electrons , as is the case, 
for instance, in system s of conjugate d double bonds 
wher e the electro n in question does not belong to 
any single atom but to the whole molecule, is a 
7ˆ  electro n belonging to the *V electro n pool." 
This may give the impressio n that only molecules 
with extensive conjugate d system s with an exten›
sive ð pool are importan t for electro n transfer in 
biology . Certainly , most of the catalyst s of biological 
oxidations have such systems , but we must not allow 
ourselves to be deceive d into believing that only such 
molecules can be importan t as electro n donors or ac›
ceptors . If we talk mostl y about them , this is only 
because we know most about them. 

It follows from what has been said before , that we 
are intereste d chiefly in the energies of the highest 
filled and lowest empt y orbital . 

The energy of an orbital , that is, the energy of the 
electro n on that orbita l ¯  = a + kâ9 wher e a is the 
"Coulomb integral" of the method , and â the "exchange 
integral" betwee n tw o C’s. For substances belonging 
to the same chemical series a and â are fairly constant , 
and so the energy depend s on k. Wher e k = 0, ¯  = Æ. 
This is the zero . As a rule the filled "bonding" 
levels lie below 0 and as a convention their k has a 
positiv e sign. The empt y "antibonding " levels lie 
abov e 0, their k being denote d with a negativ e sign. 
Figure 8 shows a number of k values. The values of k 
of a greate r number of substances , as calculated by 
the Pullmans and G. Karreman , are given in Tabl e I. 
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TABL E I 

k VALU E O F TH E HIGHEST OCCUPIE D ( L E F T ) , AND LOWES T EMPT Y 

(RIGHT ) MOLECULA R ORBITA L 

Substance k Values Reference Æ 

Acridin e 0.494 - 0 . 3 4 2 ( 9 ) 
Acridin e orange 0.657 - 0 . 2 7 8 ( 9 ) 
Adenine 0.486 - 0 . 8 6 5 ( 3 ) 
Alloxane 1.033 - 1 . 2 9 5 ( 3 ) 
6-Aminonictonamid e 0.735 - 0 . 4 7 1 ( 8 ) 
2-Amino-4-nitropheno l 0.469 - 0 . 3 5 4 ( 1 0 ) 
4-Amino-2-nitropheno l 0.451 - 0 . 3 5 5 ( 1 0 ) 
Aniline 0.544 - 1 . 0 0 0 (10) 
Anthracen e 0.414 - 0 . 4 1 4 ( 2 ) 
Antipyrin e 0.248 - 0 . 9 5 6 (10) 
Ascorbic  acid 0.529 - 0 . 8 9 9 (10) 
Atabrine 0.311 - 0 . 4 8 6 ( 1 0 ) 
Barbituri c acid 1.033 - 1 . 2 9 5 ( 3 ) 
Benzanthracen e 0.452 - 0 . 4 5 2 ( 2 ) 
l-Benzyl-2-methoxy -

( ˝,˝-dimethy l ) tryptamin e 0.427 - 0 . 8 6 6 ( 6 ) 
Benzpyren e 0.372 ( D 
Biliverdin e 0.455 + 0 . 0 2 1 ( 5 ) 
Bromani l 0.646 - 0 . 2 6 6 (10) 
Catecho l (Adrenaline ) 0.666 - 1 . 0 4 9 (10) 
Chlorani l 0.753 - 0 . 2 7 5 (10) 
Chlorpromazin e - 0 . 2 1 7 - 1 . 0 0 0 ( 6 ) 
Chloroquin e 0.478 - 0 . 6 5 4 (10) 
Chrysen e 0.521 - 0 . 5 2 0 ( 2 ) 
Colchicine 0.355 - 0 . 4 9 9 (10) 
Cytosin e 0.595 - 0 . 7 9 5 ( 3 ) 
5-Methylcytosin e 0.530 - 0 . 7 9 6 ( 3 ) 
Dibenzanthracen e 0.494 - 0 . 5 0 1 ( 2 ) 
2,4-Dichlorophenol 0.698 - 1 . 0 1 6 (10) 
3,5-Dichlorophenol 0.749 - 1 . 0 3 2 (10) 
5,7-Dimethyl-3,4-benzacridin e 

radica l - 0 . 2 7 7 - 0 . 7 1 6 (10) 
5,7-Dimethyl-1,2-benzacridin e 

(10) 

radica l - 0 . 2 9 9 - 0 . 6 8 2 (10) 
9,10-Dimethyl-l,2-benzan -

(10) 

thracene 0.387 - 0 . 4 7 5 (10) 

"References for this table are listed at the end of the table. 
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TABL E I (Continued) 

Substance k Values Reference 

p-Dinitrobenzen e 1.000 - 0 . 2 3 2 (10) 
m-Dinitrobenzen e 1.015 - 0 . 3 1 7 ( 1 0 ) 
2,4-Dinitronaphtho l 0.580 - 0 . 3 2 9 ( 1 0 ) 
2,4-Dinitropheno l 0.841 - 0 . 3 5 2 ( 9 ) 
2,5-Dinitropheno l 0.809 - 0 . 2 4 3 (10) 
DPN+ 1.032 - 0 . 3 5 6 ( 2 ) 
DPNH 0.298 - 1 . 0 3 2 ( 2 ) 
Duroquinone 0.757 - 0 . 2 7 3 (10) 
Flavinemononucleotid e 0.496 - 0 . 3 4 3 ( 4 ) 
FMNH2 - 0 . 1 0 5 - 0 . 9 7 9 ( 4 ) 
Fluoranil 0.960 - 0 . 2 0 0 (10) 
Fluoropromazin e - 0 . 2 0 7 - 0 . 9 8 7 (10) 
Formilhydrazin e 0.192 - 1 . 7 1 0 ( 1 0 ) 
Guanine 0.307 - 1 . 0 5 0 ( 3 ) 
1-Methylguanin e 0.303 - 1 . 0 6 4 ( 3 ) 
9-Methylguanin e 0.302 - 1 . 0 7 4 ( 3 ) 
Histidine 0.660 - 1 . 1 6 0 ( 3 ) 
p-Hydroquinon e 1.000 - 1 . 1 7 5 ( 1 0 ) 
Hypoxanthin e 0.402 - 0 . 8 8 2 ( 3 ) 
Indole 0.534 - 0 . 8 6 3 ( 2 ) 
Indole acetic acid 0.479 - 0 . 8 6 3 (10) 
Indophenole 0.516 - 0 . 1 2 2 (10) 
D-Lysergi c acid diethy l amide 0.218 - 0 . 7 2 6 ( 6 ) 
Lumichrom e 0.581 - 0 . 4 3 4 (10) 
Lumiflavin e 0.482 - 0 . 3 4 2 ( 1 0 ) 
20-Methylcholanthren e 0.388 - 0 . 4 7 5 ( 1 0 ) 
Methylen e blue + 0.398 - 0 . 3 5 4 ( 7 ) 
Methylen e blue H - 0 . 2 3 2 - 1 . 0 0 0 ( 7 ) 
L-Methylmedmain e 0.348 - 0 . 8 6 9 ( 6 ) 
Methylphloroglucino l 0.649 - 1 . 1 2 3 (10) 
Naphthacene 0.295 - 0 . 3 3 7 ( 2 ) 
Naphthalene 0.617 - 0 . 6 1 8 ( 2 ) 
a-Naphthol 0.519 - 0 . 6 7 1 ( 9 ) 
/?-Naphthol 0.569 - 0 . 6 3 7 ( 9 ) 
1,4-Naphthoquinon e 1.000 - 0 . 3 2 5 ( 1 0 ) 
1,2-Naphthoquinon e 1.000 - 0 . 3 3 2 ( 1 0 ) 
Nile blue sulfate* 0.591 - 0 . 1 3 3 (10) 
Nile blue sulfate H 0.091 - 0 . 7 4 1 ( 1 0 ) 
Nitrobenzen e 1.000 - 0 . 3 3 4 ( 1 0 ) 
o-Nitropheno l 0.806 - 0 . 3 5 2 ( 1 0 ) 
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TABL E I (Continued) 

Substance k Values Reference 

m-Nitropheno l 0.797 - 0 . 3 3 4 (10) 
p-Nitropheno l 0.827 - 0 . 3 5 4 (10) 
Phenanthrene 0.607 - 0 . 6 0 6 ( 2 ) 
Phenanthrenequinon e 0.721 - 0 . 4 4 2 (10) 
o-Phenanthroline 0.649 - 0 . 5 6 3 (10) 
Phenazine 0.555 - 0 . 2 5 1 (10) 
Phenothiazine - 0 . 2 1 0 - 1 . 0 0 0 (10) 
Phenylalanine 0.908 - 0 . 9 9 3 ( 3 ) 
p-Phenylene diamine 0.321 - 1 . 0 0 0 (10) 
Phlorizine 0.731 - 0 . 9 0 1 ( 1 0 ) 
ª-Picolin e 1.000 - 0 . 8 7 2 (10) 
Picramic acid 0.469 - 0 . 3 5 4 (10) 
Proflavine 0.657 - 0 . 2 7 8 (10) 
Protoporphyri n 0.293 - 0 . 2 3 3 ( 5 ) 
Pteroilglutami c acid (Folic acid) 0.52 - 0 . 6 4 ( 3 ) 
2,4-Dimethyl-pteridin e 0.544 - 0 . 5 0 8 ( 3 ) 
2,3-Dihydroxypteridin e 0.653 - 0 . 6 6 3 ( 3 ) 
2-Amino-4-hydroxy-pteridin e 0.489 - 0 . 6 5 0 ( 3 ) 
Pteridin e 0.864 - 0 . 3 8 6 ( 3 ) 
Pyocyanine (alkal) 0.286 - 0 . 2 7 2 (10) 
Pyrene 0.445 - 0 . 4 4 4 ( 2 ) 
Pyridin e 1.000 - 0 . 8 7 1 ( 9 ) 
Pyrimidin e 1.063 - 0 . 8 2 0 (10) 
Quinine 0.584 - 0 . 5 6 3 (10) 
Quinoline 0.77 - 0 . 4 4 ( 9 ) 
o-Quinone 0.694 - 0 . 2 1 1 (10) 
p-Quinone 1.000 - 0 . 2 2 5 (10) 
Reserpin e (Indole part ) 0.464 - 0 . 8 9 2 (10) 
Reserpin e 0.627 - 0 . 8 7 2 (10) 
Rhodamin e 5G 0.688 - 0 . 1 8 4 (10) 
Serotonin 0.461 - 0 . 8 7 0 ( 1 0 ) 
Stilbene 0.503 - 0 . 5 0 3 ( 2 ) 
Stilbestro l 0.369 - 0 . 5 5 3 ( 1 0 ) 
p-Terpheny l 0.594 - 0 . 5 9 2 ( 2 ) 
Tetramethyl-para-phenylenediamin e 0.266 - 1 . 0 0 0 (10) 
Thionine+ 0.398 - 0 . 3 5 4 (10) 
Thionine H - 0 . 2 0 8 - 1 . 0 0 0 ( 1 0 ) 
Thymin e 0.510 - 0 . 9 5 8 ( 3 ) 
Toluidine blue* 0.391 - 0 . 3 5 9 ( 1 0 ) 
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TABL E I (Continued) 

Substance k Values Reference 

Toluidine blue H - 0 . 2 1 7 - 0 . 9 9 7 (10) 
Trinitrobenzen e 1.045 - 0 . 3 1 7 (10 ) 
Trinitropheno l 0.859 - 0 . 3 1 7 (10) 
Triphenylen e 0.684 - 0 . 6 5 5 ( 2 ) 
Tryptopha n 0.534 - 0 . 8 6 3 ( 3 ) 
Tyrosin e 0.792 - 1 . 0 0 0 ( 3 ) 
Uracil 0.597 - 0 . 9 6 0 ( 3 ) 
Uric acid 0.172 - 1 . 1 9 4 ( 3 ) 
1-Methy l uric acid 0.172 - 1 . 2 0 2 ( 3 ) 
3-Methy l uric acid 0.153 - 1 . 2 0 4 ( 3 ) 
7-Methy l uric acid 0.133 - 1 . 1 2 0 ( 3 ) 
9-Methy l uric acid 0.161 - 1 . 2 0 4 ( 3 ) 
Xanthine 0.442 - 1 . 0 0 5 ( 3 ) 
Xanthine H on N9 0.397 - 1 . 0 9 7 ( 3 ) 
1-Methylxanthin e 0.397 - 1 . 1 9 8 ( 3 ) 
3-Methylxanthin e 0.345 - 1 . 1 9 7 ( 3 ) 
9-Methykanthin e 0.394 - 1 . 2 1 3 ( 3 ) 
Vitami n K 3 

( 2 methyl-1,4-naphthoquinon e ) 0.915 - 0 . 3 4 0 (10 ) 
Vitami n K 5 (4 amino-

2 methyl-l-naphthoquinone ) 
Vitami n K 5 (4 amino-

2 methyl-l-naphthoquinone ) 0.283 - 0 . 7 3 8 (10) 

REFERENCE S FOR TABL E I 
1 A. and B. Pullman, Cancerizatio n par les substances chimiques et 

structur e molecularies . Masson Edit . Paris, 1955. 
2 B. Pullman and A. Pullman, Les thØories Ølectroniques de la 

chimie organique . Masson Edit . Paris, 1952. In this book m 
values are given instead of k. The k values have been calcu›
lated by means of the following formulas: for filled orbital s 
k = m / ( l �  0.25m) for empt y orbital s k = � m / ( l - f 0.25m) . 

3 B. and A. Pullman, Proc. Natl. Acad. Sci. U.S. 44, 1197, 1958. 
4 B. and A. Pullman, Proc. Natl. Acad. Sci. U.S. 45, 136, 1959. 
5 B. Pullman and A. M. Perault , Proc. Natl. Acad. Sci. U.S. 45, 1476, 

1959. 
6 G. Karreman , I. Isenberg , and A. Szent-Gyôrgyi , Science 130, 

1191, 1959. 
T B. and A. Pullman, Biochim. et Biophys. Acta 35, 535, 1959. 
8 B. and A. Pullman, Cancer Research 19, 337, 1959. 
9 B. Pullman, Personal communication . 
1 0 G. Karreman , Personal communication . 
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W e need not concern ourselves here with the exact 
meaning of a and â. Wha t concerns us here is that the 
k for the highest filled orbita l is a linear function of the 
ionization potential * The smaller its value the less 
energy will be needed to take an electro n off, the easier 
the molecule in question will give up this electro n and 
act as an electro n donor . Similarly�a s experienc e in›
dicates�th e smaller the � - k of the lowest empt y 
orbital , the easier the molecule will accept an electron . 
A k = 0.5 for the highest filled orbita l means, for in›
stance, that the substance is a "fair" electro n donor , 
the same —k for the lowest empt y orbita l means that it 
is a "fair" electro n acceptor ; 0.2 means "very good." In 
exceptiona l cases the k of the highest filled orbita l can 
be even smaller than 0, and have a negativ e sign, an 
"antibondin g character. " This means an excessively 
good donor . Such substances , of which few examples 
are known, are mostl y unstable and readil y auto-
oxidize in air, as leucomethylen e blue or FMNH2. 
Mutatis mutandis, the same holds for positiv e values 
of the lowest empt y orbital . The numerica l value of â 
is taken as 1-3 EV, so a difference of 0.5 betwee n tw o 
k values means 0.5-1.5 EV difference in the ionization 
potentia l for substances belonging to the same series 
of substances and having, thus, a similar a and â. 

W e must be ver y careful in relating the k's to other 
physica l constants . Whil e Mulliken has shown that 
the position of the highest filled orbita l (given by the 
+k's) actually gives the ionization potentia l of the 
molecule, the position of the lowest empt y orbita l 
(given by the �fc’s ) does not have such simple rela›
tionship to the electro n affinity. The reason for this is 

* Ref. 22 on page 31. 
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that , as pointed out before , upon addin g an electron 
to the molecule, all the energy levels tend to change. 
This change, however , may be small in big molecules 
with an extensive system of ð  electrons , and most bio›
logical catalyst s have such systems . Wha t we may 
expect in any case is that , on the whole, the lower the 
position of the empt y orbita l ( and the lower the �  k's ) 
the greate r will be the electro n affinity, and so even 
the �  k's give a ver y useful parameter . 

Ther e are various ways to convince oneself of the 
approximat e usefulness and reliabilit y of these k's. W e 
can, for instance, compar e in various substances , the k's 
with their tendenc y to give off or accept electrons . The 
experienc e of my laborator y on this line supports , on 
the whole, the reliabilit y of the k values. Another crud e 
way of checking consists of measuring the absorptio n 
spectra . The longest wavelengt h of the light absorbe d 
by a substanc e can be expecte d to lift an electro n from 
the highest filled orbita l to the lowest empt y one, so 
ther e should be some relationship betwee n the wave ›
length of the absorptio n and the distanc e betwee n the 
+ and �  k values. 23 Fujimori’s curv e (see Fig. 11) also 
contribute s to the mass of evidenc e pleading for the 
reliabilit y of these k's. 

The meaning of the k's has given me an answer to 
a proble m which occupied my mind in earlier days 
and lured me into this field: why so many biological 
substances , like flavines, flavones,  pteridines , and cyto -

2 3 I. Isenberg and the author actually demonstrate d such an inter ›
relation (Proc. Natl Acad. U.S. 45, 519, 1959). It should be 
noted that in their tabl e two absorption s wer e quoted errone›
ously (tyrosin e and phenylalanine) . These two amino acids 
would not fit if quoted correctly . 
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chromes , apparentl y involved in energetics , are col›
ored ? Wha t is the meaning of color in cells not ex›
posed to light? The answer is simple . In term s of k, 
color means that the distanc e betwee n the tw o k 
values, that of the highest filled and lowest empt y 
orbital , are close to one another , making even the 
energy-poo r visible light capabl e of lifting an electro n 
from the former to the latter . This light being thus 
absorbe d will make the substance colored . In orde r to 
be able to act as a catalyti c electro n transmitte r the 
substance in question has to be bot h a good electro n 
donor and acceptor , that is, the k values for bot h the 
highest filled and lowest empt y orbital s must be small, 
close to 0 and thus close also to one another . The k 
values of FMN, for instance, are 0.496 and �0.34 3 re›
spectively , which makes FMN colored * and makes it 
into a good donor and acceptor . As I have shown in 
my earlier days, 24 one can knock out the whole respir ›
ator y chain by cyanid e and then restor e oxygen up›
take by adding methylen e blue which takes the whole 
electro n transpor t over betwee n dehydrogenase s and 
02. This it can do, as pointed out by B. and A. Pull›
man, 25 because its k values are 0.398 and �0.35 4 re›
spectively , almost ideally placed to make the dy e into 
a good donor and acceptor. * 

These examples may suffice to show the k values of 

* One may objec t that DPN has no color and all the same it is 
one of the main mediator s of oxidation. But the contradictio n is only 
an apparen t one because DPN is not a pure electronic mediator . It 
takes up H’s and gives off electrons . Its k values are 1.032 and 
�0.35 6 which indicates that DPN+ is a very good acceptor . The 
donor will be not DPN+ but DPNH, the highest filled orbita l of 
which has a k of 0.248 making it into a good donor. 

2 4 A. Szent-Gyorgyi , Biochem. Z . 150, 195, 1924. 
2 5 B. and A. Pullman, Biochim. et. Biophys. Acta, 35, 535, 1959. 
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the LCA O approximatio n to be most valuabl e tools 
of researc h and understanding . They also have their 
shortcomings . First , the LCA O metho d is but an "ap›
proximation 7 and the k values obtained depen d on the 
parameter s used in the calculations which may be 
subjec t to change. As mentioned before , experienc e 
and intuition are needed in this line which also means 
that ther e is no real numerica l rigidity . Another , even 
mor e serious, shortcomin g is that the k values of the 
substances belonging to different chemical series can›
not be strictl y compared , since bot h a and â may var y 
in different chemical series by as much as 25%. If the 
numerica l value of a is around 6 EV, 25%  means 1.5 EV, 
mor e than the tota l energy of biological oxidation . 

To sum up: all thre e method s of measuremen t and 
expressions , redo x potentials , ionization potential s and 
electro n affinities, as well as orbita l energies, have 
their merit s and shortcoming s and at presen t ther e is 
no universally applicabl e metho d available . Wha t 
would be needed is to bring the thre e method s to a 
common denominato r which has all the merit s and 
none of the shortcomings . This, at present , is but a 
desire . The relations betwee n redo x potential s and the 
k values of the LCA O approximatio n are ver y complex , 
and ther e is no theor y available to bring the tw o to›
gether . The relation of the ionization potential s and 
the k values are clearer , but the tw o cannot be identi ›
fied since the a and â values are not constant for differ›
ent chemical series. Wha t would serve our purpos e 
best would be a knowledg e of the ionization poten ›
tials and electro n affinities of all molecules in biological 
media , but this informatio n is not available . So we have 
to wait for further developmen t and, meanwhile , get 
along as well as we can. 
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Electroni c Mobilit y 

IN ORDER TO GET AROUN D IN THE OXIDATIV E CYCLE , 

the electro n must wande r from substance to substance , 
and thus have a certai n mobility . W e do not know 
how this mobilit y is acquired . Wha t we do know is 
that severa l member s of the oxidation cycle are bound 
to structure , thus fixed in space, so that they cannot 
reach one another by diffusion. They are rathe r bulky 
and have relativel y small activ e center s so that it 
seems unlikely that they could be arrange d in such a 
fashion that their activ e center s touch, even if a small 
degre e of freedom of motion (e.g. free rotation ) is 
granted . All the same, ther e must be some connection 
betwee n them . Ther e are different way s known in 
which energy quant a or electrons can acquir e a long-
range mobility . But, tentatively , we could also suppose 
that in biological oxidation the electrons are carrie d 
from one structure-boun d substance to another by 
small diffusible molecules which shuttl e betwee n fixed 
member s of the oxidation chain, gettin g alternatel y 
oxidized and reduced . In certai n cases we can ex›
clude diffusion, as, for instance, betwee n chlorophyl l 
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and cytochrom e in photosyntheti c bacteri a wher e 
Chance and Nishimura 26 found electro n transmissio n 
even at liquid N2 temperatur e wher e everythin g is 
frozen stiff and no diffusion is possible . All the same, 
the fact stands that the oxidation system contains dif›
fusible small molecules, as the coenzym e Q or member s 
of vitami n ˚  group, 27 or Fe atoms to which D. E . 
Green calls attention. 28 These substances could trans ›
por t electrons betwee n fixed member s of the chain. 
Whethe r they do so, we do not know. 

Being unable to decid e betwee n the various possi›
bilities , I will give brie f consideratio n to the most 
likely modes of long-range energy and electro n trans ›
fer and in the end I will consider the question , how 
electrons can be transmitte d from one substance to an›
other at short range, in a direc t contact , withou t 
wasting their energy . 

ELECTROMAGNETI C COUPLING . RESONANC E TRANSFE R 

OF ENERG Y 

If a molecule X is excited and ther e is a molecule Y 
not too far away , which molecule is capabl e of a 
similar excitation , then ther e is a chance that the 
excitatio n may suddenly die out in X and appea r in 
Y . Something analogous can be demonstrate d in tw o 
pendulum s connected with a weak spring. The motion 
imparte d to the one dies off after a time and is taken 
over by the other . An electroni c excitatio n can be 

2 6 B. Chance and M. Nishimura, Proc. Natl. Acad. Sci. U.S. 46, 19, 
1960. 

2 7 A. I. Arnon, Nature 184, 10, 1959. 
2 8 D. E . Green, Radiation Research Suppl. 1960 (In press) . Brook-

haven Conf. Bioenergetics . 
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looked upon as an oscillation, and the role of the spring 
may be fulfilled by the electromagneti c field. 

Th. Forster 29 has formulate d the rules of such an 
energy transmissio n and his formula allows us to cal›
culate the distanc e at which the energy may be trans ›
mitte d in this way . Karrema n and Steele, 80 for instance, 
have calculated the critica l distanc e throug h which 
excitatio n can be transmitte d betwee n aromati c amino 
acids in a protei n and found it to be 17 ´ , a distanc e 
big enough to allow energy transmissio n within one 
molecule or closely adjacen t molecules. Forster has 
also shown that the transmissio n become s the mor e 
probabl e the greate r the overlap betwee n the absorp ›
tion spectr a of the tw o molecules and is favore d by a 
somewha t longer wavelengt h of absorptio n of the 
molecule which has to tak e the energy over . 

As to the mechanism of this energy transfer , we 
have tw o ways to pictur e it. Forster , as well as earlier 
investigator s (J . and F. Perrin) , pictur e it as a sort 
of jump from X to Y . However�a s pointed out by 
Z. Bay at the symposiu m held in Wood s Hole in the 
summer of 1959�quantu m electrodynamic s can give 
a different explanation . If molecule X is surrounde d by 
severa l Y’s, the disappearin g excitatio n in X may bring 
these Y’s into a stat e which is neither a ground nor an 
excited state . Then, after a ver y short time the energy 
will collect again and suddenly declar e itself in the 
excitatio n of one of the Y’s.* In many cases, the cal-

* Ordinar y language is most inadequat e in describin g such 
phenomena. 
2 9 Th. Forster , Disc. Faraday Soc. 27, 1959. See also Th. Forster , 

"Fluoreszenz Organischer Verbindungen, " Gôttingen , 1951. 
3 0 G. Karrema n and R. H. Steele, Biochim. et Biophys. Acta 25, 280, 

1957. 
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culation accordin g to the tw o theories may lead to the 
same result , but in certai n cases, if ther e is a "coher›
ence/’ a cooperativ e action betwee n the Y’s, the 
chances of the transmissio n may be greate r in the 
second theory , which may have a role in photosyn ›
thesis, wher e severa l hundred chlorophyl l molecules 
collaborat e in leading a photo n to its site of action. 

SEMICONDUCTIO N 

In 1941 I published an articl e wit h the ambitiou s 
titl e "Toward s a New Biochemistry. " This articl e grew 
out of discussions wit h my young pupi l K. Lak i and 
suggested that energy , in living systems , may be trans ›
mitte d by conductio n bands . But, biochemistr y did not 
move ; the theor y remaine d a dead duck . Theorie s 
which bear no fruit are useless. All the same, a few 
word s may be said about semiconduction . The basic 
idea is simple . Atom s have single energy levels. If 
many atoms are close to one another and are placed 
in a regular array , their energy levels distur b one an›
other and the disturbe d levels join to form a continuous 
band which contains many levels and extends over 
the whole system . The conductanc e depends , in this 
case, on the number of electrons within the band . 
Accordin g to the Pauli principl e only tw o electrons can 
have the same energy within the same level. So, if the 
number of electrons occupyin g the band is double the 
number of levels, i.e. atoms building the system , then 
the band is filled and no conductio n can take place. 

Metal s owe their conductivit y to their unfilled bands . 
Ther e may be energy bands also in dielectric s which, 
then, owe their insulating propert y to the fact that the 
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band correspondin g to the ground stat e is completel y 
filled and the next higher band is completel y empt y 
and much energy is needed to raise electrons into it. 

In intrinsic semiconductors , the distanc e to the first 
empt y band is small so that even heat agitatio n may 
raise an electro n into it from the nearest filled band , 
renderin g it conductant . 

The calculation of Evans and Gergely 31 strongly 
suggested that protein s actually have conduction 
bands . Later , Eley 3 2’3 3 and his associates demonstrate d 
experimentall y the existence of such conductio n bands , 
but also showed that the distanc e betwee n the filled 
and the first  empt y band is about 2-3 EV , a distanc e 
too great to be covere d by the small biological quanta . 

Conductio n bands certainl y exist in divers e bio›
logical systems . The experiment s of Arnold and Sher›
wood, 34 for instance, leave littl e doub t that such bands 
do exist in dried chloroplast s which can store light 
which can be hunted out as such later , by heat, "elec›
tro n traps " being presen t under the conductio n bands . 

That energy can mov e throug h protein s was sug›
gested long ago by Bucher and Kaspers 35 who pro ›
duced dissociation in the heme par t of CO-myoglobi n 
by quant a absorbe d by the protein . Shore and Pardee 36 

8 1 M. S. Evans and J . Gergely , Biochim. et. Biophys. Acta. 3, 188, 
1949. 

3 2 D. D. Eley, S. D. Parfitt , M. J . Perry , and D. H. Taysum , Trans. 
Faraday Soc. 49, 79, 1953. 

3 3 M. H. Carde w and D. D. Eley, Ibid., 1959. 
s* W . Arnold and H. K . Sherwood , Proc. Natl. Acad. Sci. U.S. 43, 

104, 1957. 
8 5 T . Bucher and J . Kaspers , Biochim. et. Biophys. Acta 1, 21, 

1947. 
3 6 V. G. Shore and A. B. Pardee , Arch. Biochem. Biophys. 62, 355, 

1956. 
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have seen light emitte d by the dy e in chromoprotein s 
after excitatio n of the protein . Schubert’s 37 experiment s 
cast some doub t on Bucher and Kasper s result s but at 
the same time supplied fresh evidenc e for such energy 
transfer . None of these experiment s is quit e conclusive 
in the sense that they do not allow us to decid e defi›
nitely betwee n resonance energy transfer and semicon›
duction . One of the most importan t result s of electro n 
microscop y is the demonstratio n of the wide occur›
rence of membrane s and layere d structures , as found 
in mitochondria , chloroplasts , visual rods , and in the 
protoplas m (Sjôstrand 3 8). Even the particle s found in 
extracts , such as microsomes , may be but fragment s of 
such membranes , broke n up in the proces s of extrac ›
tion. Membranes , especially double membrane s (as 
most biological membrane s are) , suggest by their 
ordere d molecular structur e semiconduction . As has 
been demonstrate d lately by Tollin 39 in Calvin’s lab›
oratory , such layere d structure s acquir e a high con›
ductivit y if the one layer donates electrons to the other . 

Ther e is also the possibilit y that filled energy bands 
may becom e conductan t by donating electrons to some 
outside substance and thus becom e unsaturate d and 
conductant . Also, the opposit e may be tru e and an 
empt y electro n band may becom e conductan t by ac›
ceptin g electrons from some outside substance . Ac›
cepte d and/or donate d electrons may thus enable a 

8 7 J . Schubert , Arkiv Kemi. 15, 97, 1959. 
3 8 F. S. Sjôstrand , Fine Structur e of Cytoplasm : the Organizatio n of 

Membranou s Layers , in "Biophysical Science." J . Wile y & Sons, 
New York , 1959. 

3 9 G. Tollin, Radiation Research, 1960. (AE C conference on Bio-
energetics , Brookhaven , 1959). See also "Semiconductors, " 
Chapte r 15 by C. G. B. Garrett , Reinhold Press, 1959. 
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biological system to fulfill its biological role by semi-
conduction , or else may inhibit or paralyz e function 
by tappin g off the conductin g electrons or filling up 
the holes which rendere d the system unsaturated . 
Some of the hormones or drugs might act this way 
(see later) . Accepte d and donate d electrons may thus 
enable a system to work , may regulat e its function, or 
else cause profound disturbance . Even a small change 
along this line may have far reaching consequences, 
as the damag e done to the insulation of an electri c 
wire may paralyz e a whole electri c network . Mason 40 

suggested relations betwee n such changes and malig›
nant growth . 

Electromagneti c coupling transfer s energy , semicon›
duction transfer s electrons . W e must clearly distin›
guish betwee n the transfer of energy , and that of elec›
trons , even if the electrons carr y energy wit h them , 
and this for severa l reasons. In orde r to transfer en›
ergy , we would have to excite an electro n first  from 
the ground level of a substance to its first  excited level. 
The energy needed for this excitatio n correspond s to 
the distanc e betwee n the ground levels and the first 
excited levels in Fig. 7. As mentioned before , this en›
ergy is of the order of 40-100 kcal, an energy quantum 
which may be carrie d by a photon , but which, prob ›
ably , cannot be produce d in the normal course of oxi›
dation . Hence we must distinguish betwee n processes 
starte d up by photons , as is the case in vision and 
photosynthesis , and processes occurrin g in metabolism . 
This book is concerned only wit h these latter . 

Another reason for distinguishing betwee n transfer 
of energy and electrons will becom e eviden t by casting 
4 0 R. Mason, Nature, 181, 820, 1958. 
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another glance at Fig. 7, in which thre e molecules 
wer e symbolize d which are supposed to belong to dif›
ferent substance groups and have different 0 levels. 
Wha t is draw n here, at the same level, is infinity, oo , 
since all electrons , in infinity, have the same energy . 
Infinity , in this case, lies just beyon d the highest empt y 
orbital . Judging from the length of the arrow s (ioniza›
tion potentia l in D and electro n affinity in the A’s) we 
could transfer no electro n withou t externa l help from 
the ground level of D to the first  excited level of Ai, 
but could transfer an electro n from D to A 2 . The re›
verse is tru e for energy . W e could transfer excitation 
energy by resonance from D to Ai since the distance 
from the ground level to the first  excited level is 
smaller in Ai than in D. However , we could not trans ›
mit excitatio n energy from D to A 2 , since the distance 
betwee n the tw o levels is greate r in A 2 . 

CHARG E TRANSFER 41 

Evidenc e starte d accumulatin g mor e than thirt y 
year s ago suggesting that in certai n complexes elec›
trons may trespas s betwee n the borderline s of two 
complexing molecules. It was J . Weiss 42"44 who, in 
1942, gave the first  clear formulatio n of the idea that 
within a complex an electro n of one of the tw o com›
plexing molecules may be transferre d to an orbita l of 
the other . This "charge transfer " has been extensively 

4 1 A very clear, though not very recent , review of charge transfer , 
is found in the: Quarterly Reviews of the Chemical Society, 
London 8, 422, 1954 by L . ¯ . Orgel . 

« J . Weiss , / . Chem. Soc. 245, 1942. 
« J . Weiss , Nature 147, 512, 1941. 
4 4 J . Weiss , Trans. Faraday Soc. 37, 78, 1941. 
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studied since by Mulliken 45"47 and his associates, who 
applied quantum mechanics to it and classified its 
various forms . 

The transfer of electrons from one substanc e to an›
other is usually terme d as an oxidoreduction . How›
ever , we must clearly distinguish betwee n "oxidore›
duction" and "charge transfer. " As a rule, in organic 
substances , electrons occupy orbital s in pair s and in 
oxidoreductio n an electro n pair is transferre d from one 
molecule to the other , tw o new closed shell molecules 
being formed . The tw o molecules then part , the one 
having becom e richer , the other poorer , by tw o elec›
trons . After this, in principle , they have nothing mor e 
to do wit h one another . So bot h molecules must have 
tw o stable state s differing by tw o electrons . The whole 
redo x proces s consists of the transfer of these tw o elec›
trons and the consecutiv e rearrangemen t in structure . 
This situation is not changed by the fact that Micha›
elis*’48"50 has shown that electrons can pass from 
one substance to the other , one-by-one , and that most f 
biological oxidations are actually built of tw o one-
electro n steps . The basic ideas of charge transfer not 
having been cleared yet , Michaelis, himself, regarde d 
the one-electron step as an intermediar y of the bi-

* Chapte r I, ref. 11, page 7; Chapte r III, refs. 17, page 24 and 
18, page 25. 

f Footnote 19, Chapte r III, page 25. 

« R. S. Mulliken, / . Am. Chem. Soc. 72, 600, 1950. 
4 6 R. S. Mulliken, / . Am. Chem. Soc. 74, 811, 1952. 
4* R. S. Mulliken, / . Phys. Chem. 56, 801, 1952. 
4 8 L . Michaelis, Chem. Rev. 16, 243, 1935. 
4 9 L . Michaelis, M. P. Schubert , R. K . Reber , J . A. Kuck , and S. 

Granick , J. Am. Chem. Soc. 60, 1678, 1938. 
5 0 L . Michaelis and S. Granick , / . Am. Chem. Soc. 66, 1023, 1944. 
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valent oxidation even if the free radical s formed in 
the one-electron step wer e stabl e at extrem e pH’s. In 
"charge transfer " one electro n only is transferred . The 
tw o molecules, the "donor" and the "acceptor, " usu›
ally stay together , and if they par t they do not par t as 
closed shell molecules, but as free radical s wit h an 
unpaired electron . 

The establishmen t of the idea of charge transfer 
means a broa d extension of our previou s ideas. First, 
it break s down the rigidit y of our thinking about the 
individualit y of molecules. Charg e transfer means that 
the electrons of a molecule D (D for "donor") are 
capabl e of using, under certai n conditions , orbital s of 
molecule A (A for "acceptor") . Second, it brings into 
the realm of electro n transfer a host of substances 
capabl e of giving up one electro n only, substances 
which do not have tw o stabl e state s differing by tw o 
electrons , which do not affect the electrode , and are 
thus not regarde d as oxidation or reductio n agents. 
The transfer of one electro n does not necessarily in›
volve any rearrangemen t within the molecule. A 
charge transfer could be symbolized , schematically , 
by Figs. 9 and 10, as a simple transfer of one electro n 
from the highest filled orbita l of D to the lowest empt y 
orbita l of A withou t any further rearrangement . 

Severa l importan t points are evident . In order to 
allow a passage of an electro n from an orbita l of D to 
an orbita l of A the tw o electro n clouds must overlap . 
This means that the tw o molecules must come ver y 
close to one another . Close fit and approachabilit y 
becom e decisive factors . This may explain why many 
charge transfer reactions are ver y slow and take hours, 
the chances of coming togethe r in the right way being 
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remote . Naturally , this does not exclude that charge 
transfer may , under conditions , be achieved also in a 
short encounter , in a so-called "contact transfer. " An›
other point which is mad e clear by Figs. 9 and 10 is 

D A D A 

FIGS. 9 and 1 0 . Symbo l of the ground stat e and first  excited 
level of two molecules, before ( 9 ) and after ( 1 0 ) charge transfer . 

that the relativ e positions of the tw o orbital s on the 
energy scale, that is, the ionization potentia l of the 
donor and the electro n affinity of the acceptor , have 
to becom e dominatin g factors . Schematicall y speaking, 
we could distinguish betwee n tw o extrem e cases: ( 1 ) 
the donating orbita l lies considerabl y lower as com›
pare d wit h the acceptin g one, as is the case in Figs. 9 
and 10, and, consequently , a considerabl e amount of 
energy is needed to lift the electro n from the former 
to the latter , I P ^ > E A ; ( 2 ) the acceptin g orbita l is 
lower than the donating one and so the electro n can 
be transferre d withou t outside help, EA > IP, as was 
the case betwee n D and A 2 in Fig. 7. 

Considerin g the first  of these tw o cases, we would 
have to suppose that the tw o molecules approac h one 
another and form a complex , held togethe r by the 
classic forces of complex formatio n (dispersio n forces, 
polarization , dipole moments) . No considerabl e charge 
transfer could be expected . All the same, we know 
that in comple x formatio n a dipole momen t may be 
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develope d and Mulliken attribute s this to a small de›
gree of charge transfer . The transferre d electrons reso›
nate betwee n the tw o molecules contributin g thus 
their "resonance energy" to the binding forces. As 
single molecules have excited state s leading to an ab›
sorption , so these complexes also have an excited state , 
characteristi c for the complex . In this case it is the 
energy of the absorbe d photon which lifts the electro n 
of the donor molecule to the excited level of the ac›
ceptor . In the excited complex the major par t of the 
electro n cloud is now on the accepto r molecule. It is 
for this reason that Mulliken calls such a spectru m a 
"charge transfer spectrum " which is characteristi c for 
the complex . The energy needed for the charge trans ›
fer would be indicate d by the wavelengt h of the ab›
sorbed light and would depend , in part , on the differ›
ence betwee n the tw o levels, the donating and accept ›
ing one, that is, on EA-IP . If the difference is great 
the absorptio n spectru m falls into the UV. If the dif›
ference is small it may fall into the visible and mean a 
strongly colored complex . If the transfer would de›
mand even less energy the spectru m would fall into 
the IR. In any case, the spectru m will be characteris ›
tic for the complex , and not for its components , as has 
been shown by Brackman 5 1; it will be a "charge trans ›
fer spectrum. " 

Naturally , the IP of D and EA of A will not be the 
only factor s in play because the transfer of an electro n 
may alter the relation of the tw o molecules to one an›
other , or may alter their relation to the solvent . As will 
be shown later , ther e are also other still unknown fac›
tors involved . All the same, if the IP of the donor 
5 1W . Brackman , Rec. Trav. Chim. 68, 147, 1949. 
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dominate s behavior and all other factor s are constant , 
then we can expect that the energy (that is the fre›
quency ) of the light absorbe d will depen d linearly 
on this IP. It follows that if we tak e a series of donors 
and couple them , one by one, to the same acceptor , 
then the frequenc y of the absorbe d light, if plotte d 
against the IP of the single donors , must give a straigh t 
line. This predictio n was first  mad e and verified in the 
experimen t by McConnell , Ham, and Piatt, 52 and 
simultaneously by Hastings, Franklin, Schiller, and 
Madsen. 53 The lines obtaine d in this plot wer e sur›
prisingly straigh t although the donors used belonged 
to different substance groups . This straightnes s indi›
cates that the main factor in charge transfer was ac›
tually the ionization potentia l of the donor . Late r 
Briegleb and Czekalla 54’55 found ways to calculate the 
charge spectru m in advanc e and found the same linear 
relation , their experiment s being soon corroborate d by 
Foster. 56 The lines obtained in these plot s are so 
smooth that it is permissible  to turn the argumen t 
around and read the ionization potentia l of a donor 
by plottin g the charge transfer spectru m of its com›
plex on the curv e of the correspondin g acceptor . 

If the energy relations greatl y favor charge trans ›
fer, then the electro n could pass spontaneously from 
D to A. This would correspon d to the complexing of a 

5 2 H. McConnell , J . S. Ham, J . R. Piatt , J. Chem. Phys. 21, 66, 
1953. 

5 3 S. H. Hastings, J . L . Franklin, J . C. Schiller, and F. A. Madsen, 
/. Am. Chem. Soc. 75, 2900, 1953. 

5 4 G. Briegleb and J . Czekalla , Z. Electrochem. 63, 6, 1959. 
5 5 J . Czekalla , G. Briegleb , W . Herre , and R. Grier , Z . Electrochem. 

61, 537, 1957. 
R. Foster, Nature 183, 1253, 1959. 
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very strong donor with a ver y strong acceptor , that is, 
a donor of low IP with an accepto r of high EA. Such 
cases have been studied by Kainer , Bijl, and Rose-
Innes57*59 as well as Miller and Wynne-Jones. 60 In such 
a case we can expect the electro n to pass spontane›
ously from D to A, and to resonate betwee n the tw o 
molecules, contributin g with its resonance energy to 
the binding forces. The tw o parte d electrons can also 
impar t a dipole momen t to the molecule, and, may no 
more compensat e each other’s magneti c moment , thus 
renderin g the complex paramagnetic . In the extrem e 
case, the tw o molecules may even par t altogethe r 
forming tw o independen t free radicals . Kainer , Bijl, 
and Rose-Innes have shown that as the difference E A -
IP decreases , the molecule complex become s mor e and 
mor e paramagnetic . Kainer and Uberle 61 have shown 
that such complexes can reach a paramagnetis m which 
correspond s to 40% of the electrons being completel y 
uncoupled . Kainer and Ottig 62 could detec t such un›
coupling also by IR spectroscopy . 

The tw o cases discussed: I P ^ > E A and IP < EA 
wer e but extremes . Ther e will be many intermediat e 
cases and as Mulliken has shown, even in one and the 
same complex , the transfer by photons and spontane›
ous transfer may be mixed . As the difference IP-EA 

5 7 H. Kainer , D. Bijl, and A. C. Rose-Innes, Naturwiss. 41, 303, 
1951. 

5 8 H. Kainer , D. Bijl, and A. C. Rose-Innes, Nature 178, 1462, 1956. 
5 9 D. Bijl, H. Kainer and A. C. Rose-Innes, / . Chem. Phys. 30, 756, 

1959. 
6 0 R. E . Miller and W . F. K. Wynne-Jones , / . Chem. Soc. 1959, p. 

2378. 
61 H. Kainer and A. Uberle , Chem. Per. 88, 1147, 1955. 
6 2 H. Kainer and W . Ottig , Chem. Per. 88, 1921, 1955. 
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becomes less and less, spontaneous transitio n will be›
come mor e and mor e important , till, eventually , spon›
taneous transfer may take over altogethe r and prac ›
tically a whole electro n may be transferred , being 
lodged mor e or less permanentl y on A. The dissocia›
tion into tw o free radical s may make the situation 
final. Strongly polar solvents will promot e the spon›
taneous transfer and a subsequent dissociation by de›
polarizin g the strong coulombic attraction s generate d 
betwee n the two molecules by the transfer of the elec›
tron . Wea k transfer of the first  typ e will be favored 
by homoiopolar solvents.* 

The aforesaid makes it clear also that we have to 
distinguish betwee n tw o different event s in charge 
transfer : the bringing of the tw o molecules togethe r 
in the desired proximity , and the charge transfer 
proper . If IP and EA are not favorable , no charge 
transfer can take place, but ther e may be cases in 
which the values of IP and EA are favorable , but no 
charge transfer can take place because the tw o mole›
cules do not complex or the desired proximit y cannot 
be achieved owing to steri c hindrances . So ther e may 
be cases in which ther e is charge transfer in vivo, 
while ther e is none in vitro. The cell may , for instance, 
hold tw o molecules in close proximity , tw o molecules 
which would not complex spontaneously . This it could 
do by binding them to the same enzymi c surface or by 
linking them togethe r by a covalent bond . Natur e may 
also rende r IP-EA or steri c relations favorabl e by dis›
torting , activatin g D and A. 

To sum up: we could distinguish, schematically , be›
tween tw o type s of charge transfer . In the first,  the 

* Refs. 54, 55, page 59. 
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energy of a photon is needed to transfer the electron , 
when I P » ¯  A. The sequence of event s would be: 

D + A «-> DA, DA + hv -» D+ A". 

In the second typ e spontaneous charge transfer takes 
place, we could symboliz e event s by writin g 

D + A <-> DA <->D+A- <-> D+ -f A". 

As stated , the transitio n betwee n the tw o type s is 
gradual . Startin g wit h IP » EA we would need light 
of high energy to work the transfer . As the difference 
betwee n IP and EA become s less, light of increasingly 
longer wavelengt h would be needed and spontaneous 
transfer would becom e mor e and mor e important . So 
we can expect the plot of frequency versus IP to yield 
a straigh t line wher e much energy is needed for the 
transfer . However , as we come to longer wavelength , 
and spontaneous transfer graduall y takes over , we can 
expect the curv e to deviat e from the straigh t line and 
becom e eventuall y asymptotic . A slight curvatur e is 
noticeabl e even in Briegleb and Czekalla’s curves and 
becomes eviden t in the plot of Fujimori 63 (Fig. 11) . 
In this curve , instead of the IP of the various donors 
their k value was plotte d against the frequency of the 
light absorbed . (The k being a linear function of IP, 
this should mak e no difference , except for making the 
scatte r somewhat greate r since k is somewhat mor e 
uncertain than IP.) The four different curves in Fig. 
11 wer e obtained with four different acceptors . The 
elevation of these curves correspond s to the differ›
ence in the EA of the acceptor s used. The curvatur e 
becomes the stronger the lower we go and the curv e 
6 3 E . Fujimori , unpublished . 
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suggests that spontaneous transfer become s an impor ›
tant factor wher e we approac h the infrared , the curv e 
tending to becom e asymptotic * Unfortunately , ther e 
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FIG. 11. Frequency of the maximal light absorptio n as plotte d 
against the k of various donors in complexes formed with four dif›
ferent acceptors . Key: 1 = Naphthacene; 2 = Benzpyrene ; 3,4 = 9, 
10-Methyl-l,2-benzanthracen e and 20-methylcholenthrene ; 5 = An›
thracene ; 6 = Pyrene; 7 = Benzanthracene ; 8 = Dibenzanthracene ; 
9 = Picene; 10 = Stilbene; 11 = Chrysene ; 12 = Indole. 

are too few points in this region because the choice of 
substances and the technical difficulties, caused by in›
solubility or color, becom e rathe r great . McConnell , 

* It might be wort h noting that two of the strongest carcinogens, 
9,10-dimethylbenzanthracen e and 20-methylcholanthren e do not fit 
into the curves , their points falling somewhat under it. Benzpyren e 
fits the curve . All of these three carcinogens He very low. 
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Ham, and Piatt * have alread y felt the need to extend 
researc h in this region. 

In the author’s opinion, charge transfer may be one 
of the most important , frequent , and fundamenta l bio›
logical reactions , a possibility , clearly recognize d by 
Mulliken. f It may be objecte d that ther e being no 
light in our body , light-induced charge transfer can 
have no major biological importance , while substances 
giving a strong spontaneous charge transfer are rathe r 
rare . Most charge transfer s which have been studied 
so far belong to the first  type . But, here again, I have 
to point to the differences betwee n physics and biol›
ogy. The physicist , when studyin g charge transfer , 
will study the interactio n of substances which he finds 
on his shelf, while the biologist work s wit h substances 
which Natur e has develope d through millions of year s 
for specific purposes . So the question is not: is charge 
transfer a common, weak , or strong phenomenon? The 
question is: does charge transfer belong to Nature’s 
ways , or not? If so, then we can trus t that Natur e has 
develope d specific substances to fit her purpose . On 
the subsequent pages, examples of strong charge trans ›
fer betwee n biological substances will be given. 

The reade r may think that the author has droppe d 
into the common error of overemphasizin g the impor ›
tance of a factor which took his fancy. However , he 
would like to remind the reade r of G. N. Lewis ’ defini›
tion of an acid and base. This great pioneer of science 
defined acids or bases as substances capabl e of giving 
up or taking up electrons . So, the acceptor-dono r rela›
tion of charge transfer merges with the broade r acid-

* Ref. 52 on page 59. 
f Refs. 45, 46, 47 on page 55 and ref. 22 on page 32. 
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base concept which is, undoubtedly , one of the foun›
dations of chemistry . The donor-accepto r relation is 
also relate d to oxidoreduction , which is one of the 
cornerstone s of biology . So charge transfer makes par t 
of a most basic triad . 
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VI 

Problem s of Charg e Transfe r 

WHA T DO W E GAIN BY INTRODUCIN G CHARG E TRANS -

fer into the complex textur e of biochemistr y and bio›
physics? 

Charg e transfer allows us to transfer an electro n 
from one substance to another withou t major loss in 
energy , since it does not involve a rearrangemen t in 
molecular structure . 

It brings into the realm of biological oxidation the 
great host of substances which are capabl e of giving 
off but one electron , which do not affect an electrod e 
and wer e hithert o not regarde d as redo x agents at all. 

Charg e transfer brings into play the excited levels 
which may not have been availabl e before because the 
energies needed to raise an electro n into the excited 
level of the same molecule are, as a rule too great . 

By charge transfer relativel y inactiv e molecules may 
acquir e a high reactivity . The donor , having devel ›
oped a "hole" in its low-lying ground level, become s a 
good acceptor , while the accepto r having acquire d an 
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electro n on its high-lying excited orbital , become s a 
good donor . A charge transfer complex is something 
betwee n a regular closed shell molecule and a free 
radical , and the great reactivit y of free radical s need 
not be emphasized . If the complex dissociates , as hap›
pens in extrem e cases, two real free radical s are 
formed . 

An accepto r may accept an electro n also from a 
saturate d energy band , thus creatin g a hole and mak›
ing the band conductant . Conversely , a donor may 
donat e an electron to an empt y energy band , render ›
ing this band conductant . So charge transfer opens the 
way for semiconductio n into biology . As shown by 
Tollin,* sheets of donor molecules layere d over sheets 
of accepto r molecules becom e conductan t and show a 
strong photoelectri c effect. 

Akamat u et al.63 found that perylene , violanthrene , 
and other higher aromatic s underg o marke d increases 
in electrica l conductivit y when complexe d wit h I 2 or 
Br 2. These complexes show a marke d paramagneti c 
componen t (Matsunaga 6 4). This work demonstrate s 
that an insulator or poor semiconducto r can be trans ›
formed into a good one and that I 2 may also give 
strong charge transfer complexes with the spontaneous 
passage of almost a whole electron . 
How can we distinguish between "strong" spon-

taneous, and "weak" light-induced charge transfer? 

* Ref. 39 on page 52. 

6 3 H. Akamatu , H. Ivokuchi , and Y . Matsunaga, Bull. Chem. Soc. 
Japan 29, 213, 1956; Nature, 173, 168, 1954. 

6 4 Y . Matsunaga, Bull Chem. Soc. Japan 28, 475, 1955; / . Chem. 
Phys. 30, 855, 1959. 
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Having no light in our body this distinction may he 
important. How can we prove charge transfer at all? 
Ther e are various methods . 

OPTICA L METHODS . Most charge transfer complexes 
are strongly colored and their spectru m can give in›
formatio n about the natur e of the underlyin g reaction . 
If the absorptio n shows the relation betwee n frequency 
and ionization potential , describe d in the previou s 
chapter , then, evidently , we are dealing with "weak 
charge transfer, " induced by the light absorbed . If, on 
the contrary , ther e is no such relation and the spectru m 
shows some relation to the (perhap s somewhat shifted 
or distorted ) spectru m of the free radica l of one of 
the complexing substances , then, evidently , we have 
strong charge transfer in hand wit h a spontaneous 
transitio n of electrons and a tren d of going into the 
ionic stat e or into free radicals . Many complexes will 
show a mixed behavior . 

MAGNETI C METHODS . In valency saturate d compound s 
electrons occupy orbital s in pairs . Electron s have their 
spin, and a spinning electro n is a tiny magnet . Since 
the tw o electrons occupyin g the same orbita l always 
spin in opposit e directions , they cancel out each other’s 
magneti c moments . However , if the tw o electrons be›
come separated , as may be the case in a strong charge 
transfer , they may no longer compensat e one another , 
renderin g the substance paramagneti c which can be 
expecte d to declar e itself in magneti c measurements . 
Ther e is also another possibilit y which may rende r 
the complex paramagnetic : as soon as the tw o elec›
trons are no longer strongly coupled , and occupy dif›
ferent orbitals , they becom e relieved of the limitatio n 
of the Pauli principl e accordin g to which tw o electrons , 
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forming a pair on the same orbita l must spin in oppo›
site directions . If one of the tw o uncoupled electrons 
revert s its spin, the complex goes into the triple t state , 
adding a paramagneti c component . McGlyn n and 
Boggus6 5’66 actually found in photolyti c experiment s 
such complexes to give a triple t emission. 

Ther e are tw o method s for detectin g paramagneti c 
behavior : the magneti c balance and the electro n spin 
resonance ( E S R ) . 6 7 - 70 The former is rathe r crud e as 
compare d to the latter . The signal given in ESR de›
pends on circumstances . Free radical s give a sharp and 
high ESR signal extending over 10-50 gauss. If the 
electro n is close to other unpaired electrons , it will be 
perturbe d and may give a broa d signal. Exposed to 
the magneti c influence of different nuclei it may split 
up giving a "hyperfine " structure . Although the ESR 
metho d is rich in pitfalls , it is one of the most power ›
ful tools of researc h finding access, now, to biological 
laboratories . How far a charge transfer complex will 
give an ESR signal depend s on circumstances . In a 
weak transfer the tw o electrons remain strongly 
coupled and so give no ESR signal, or, give a signal 
only under strong illumination. 

The situation will be different in strong charge trans ›
fer, dependin g on how strongly the transferre d elec-
6 5 S. P. McGlyn n and J. D. Boggus, J . Am. Chem. Soc. 80, 509, 

1959. 
S. P. McGlynn , Chem. Rev. 58, 1113, 1958. 

6 7 For technique and theory see: G. E . Pake, S. I. Weissmann , and 
J. Townsend , Disc. Faraday Soc. 19, 147, 1955. 

6 8 W . Gordy , W . V. Smith, and R. F. Trambariilo , "Microwav e 
Spectroscopy, " Wiley , New York , 1953. 

9 0 P. B. Sogo and ´ . M. Tolbert , Biol, and Med. Phys. 5, 1, 1957. 
7 0 D. J . E . Ingram, "Free Radicals," Academi c Press, New York , 

1958. 
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tron is still coupled to its partner , on how "strong" this 
charge transfer is (tha t is, how big a portio n of the 
electro n is transferred) , what proportio n of its tim e it 
spends on the acceptor, * and how far the complex 
tends to split up, going into the ionic stat e in which 
the dissociated partner s are free radicals . 

The ESR is a wonderfu l instrumen t which gives 
unique information . Its handling require s specific 
knowledg e and experience , complicate d (and expen›
sive) machinery , and a great deal of caution in in›
terpretations . One can make a discover y with it in one 
day , but , then, it takes six months to disprov e it. 
Water y solutions, which might interes t the biochemis t 
most , are difficult to study , because only tiny amounts 
of this solvent will not blur the spectrum . Impurities , 
presen t in traces , may mislead the researcher . Special 
caution is require d when dealing wit h solid state . Dis›
tortion s of lattice s or their physica l damag e may lead 
to signals or free radicals . The theor y of ESR is still 
in its infancy; most of the substances which have been 
studied are simple in natur e and surprise s may be 
expected . Ther e appear s to be no theor y for the ex›
planation for the broa d signals reporte d by Blumen›
feld, et al.71,72 in nucleoproteins. f 

* Such expressions as "transfer of par t of the electron" or "the 
electron spending par t of its time on the new orbital " must be taken 
with a grain of salt. They do not represen t reality , only the shadow 
of it. These partia l reactions , in any case, tr y to describ e a state 
betwee n the original and the final one in which an electron may be 
definitely lodged on its new orbital . 

f See footnote ( f ) , page 72. 
T 1 L . A. Blumenfeld , A. E . Kalmanson , and Shen-Pei, Gen. Doklady 

Akad. Nauk, USSR, 124, 1144, 1959. 
7 2 L . A. Blumenfeld , Biophysika 4, 515, 1959. 
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Kainer , Bijl, and Rose-Innes,$ who wer e the first  to 
apply ESR to charge transfer complexes , have shown 
that when going from weak charge transfer to an in›
creasingly stronger one, by taking as donor stronger 
reductants , and as accepto r stronger oxidants , the ESR 
signal appeare d and becam e graduall y stronger . 

DIPOL E MOMEN T measurement s can also suppor t 
charge transfer , and have been measured by Weiss, * 
Briegleb , and Czekalla,* * Kainer and Uberle, # and 
others . Unfortunately , the measuremen t of dipole 
moment s is not simple , especially not in polar solvents 
which favor strong charge transfer (while weak charge 
transfer is mor e favored by homoiopolar solvents) . 
Also, the conclusions deduce d from dipole moment s 
may be less straightforwar d than those deduce d from 
optica l and magneti c measurements . Crystallograph y 
of charge transfer complexes may also give additiona l 
evidence . (Planar aromati c molecules can be expecte d 
to lie paralle l with their center s shifted to allow charge 
transfer otherwis e excluded for symmetr y reasons. §) 
Does charge transfer open new possibilities for the 

understanding of oxidation or other biological phe-
nomena? 

f It may be added that I. Isenberg and the author found in pre ›
liminary studies most tested steroid s ( A4-androstene-3 , 17-dione; 
A5-androstene-3 , 17-dione; A5-androsten e 3/?, 17/?-diol, cholesterol ; 
progesterone ; stigmasterol , and deoxycorticosterone ) to give a broad 
and low signal while testosteron e was negative . Further studies are 
needed to decide whether this signal was due to impurities , or other 
disturbin g factors , or was a propert y of these steroid s perhap s com-
plexed with 0 2 . 

t Refs. 57, 58 on page 60. 
* Ref. 42, page 54. 
** Ref. 54, page 59. 
# Ref. 61, page 61. 
§ Ref. 46, page 55. 
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Le t us suppose that D, Ai, A 2 , and A 3 in Fig. 12 
represen t four molecules in close proximity , and sup›
pose that D transfer s an electro n from its ground level 
to the excited level of Ai. This electro n could not move 
on being held in place by the electrostati c attractio n 
betwee n D and Ai. This situation would change if, 
from an outside molecule, we would transfer one elec-

- o o -
D A , A 2 A 3 

FIG. 12. Symbo l of a possible quantum-mechanica l framewor k of 
electron transport . Thick lines: ground states ; thin lines: first  ex›
cited levels. See text . 

tron to D, filling the "hole" in its ground level. The 
electro n transferre d earlier to Ai would becom e re›
leased from its electrostati c bondag e and could cascade 
down over the excited levels of A 2 and A 3 . It is not 
impossibl e that something like this really happens in 
biological oxidation . It would be equally possible to 
remov e one electro n from the ground stat e of As, 
whereupo n an electro n of A 2 could fill the hole, while 
A 2 would tak e an electro n from Ai, from D, all the elec›
trons cascading one step down. 

W e could also suppose , as a fascinating possibility , 
that we transferre d an electro n from the ground stat e 
of D to the excited level of A 3 and then transfer an 
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electro n from the ground stat e of A 3 to an outside 
molecule, say 0 2 . In this case the electro n could fall 
down from the excited level of A 3 into its ground level, 
filling the empt y hole on it, and emittin g its excess 
energy in the form of a photon . Some such possibilit y 
may underli e bioluminescence . All this is ver y amusing 
because it makes a biochemistr y withou t chemistry . 
Ther e being no rearrangement s in molecular structur e 
or bonds , ther e are no "chemical changes" and the 
molecules involved serve merel y as a quantum-mechan ›
ical framewor k on which the electrons can move . 
Mayb e the cycle of biological oxidation represent s 
some such scaffolding. 

Summing up we can thus stat e that charge transfer 
opens divers e new, important , and intriguing possi›
bilities . 
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VII 

Three Examples of 
Charge Transfer 

AS MENTIONE D BEFORE, IN THE FORMATIO N OF A 

charge transfer complex we must distinguish betwee n 
two events : bringing the molecules togethe r and trans ›
ferring charge. So, if we want to study charge transfer 
proper , we must find method s for holding the two 
molecules close to one another . 

Ther e are various possibilities . W e may build the 
two substances into a crystal , in which case the lattic e 
forces will hold the two molecules together . W e may 
simply evaporat e the solvent in which we dissolved 
both substances in question. The evaporatin g solvent 
will leave the two substances behind in close prox›
imity . Another metho d consists of freezing the water y 
solution of the mixture . The wate r will, in this case, 
crystalliz e out and leave the dissolved molecules in in›
timat e touch. In this case complex formatio n will be 
favored also by the decrease d temperature . In the liv›
ing cell, also, association and charge transfer may be 
promote d by the tren d of the matrix , water , to 
form structure s which limit the degrees of its freedom 
(see next chapter) . On the subsequent pages I will 
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give examples of charge transfer produced by these 
methods. 

QUINONE-HYDROQUINON E 

A classic material for the study of weak charge trans›
fer is quinhydrone, formed by mixing quinone and 
hydroquinone. Both of these molecules are flat and 
have an extensive system of ð  electrons. So, if they 
come to lie close enough to one another with their 
faces parallel, then the orbitals of their ð  electrons may 
overlap, forming what Dewar7 3 calls a ’V-Tr -bond" in a 
"ð  complex." Osaki and Matsuda* studied the crystal 
structure of quinhydrone by X-rays and found that the 
two rings, that of the hydroquinone and quinone, lie 
very close to one another. While the distance usually 
found between associating aromatic compounds is 
3.5-5.7 ´ , in quinhydrone it was found to be 3.16 ´ , 
a very close proximity, indeed. In the crystal, the qui›
none and hydroquinone molecules lie alternating, on top 
of one another, with their centers slightly shifted, their 
plane being inclined by 34°  toward the long axis of the 
needle-shaped crystals. So the electrons, excited by 
light, may oscillate parallel to the plane of the mole›
cules or at right angles thereto, oscillating between 
the neighboring quinone and hydroquinone molecules 
which thus form a charge transfer complex. According 
to the light vector, whether more parallel or at right 
angles to the plane of the molecules, the quinhydrone 
will thus absorb light of different wavelength, will be 
dichroic, as shown by Nakamoto.74 This can easily be 
demonstrated by drying down an acetone solution of 

* Quoted from Nakamoto, ref. 74 on page 76. 
7 3 M. J . S. Dewar, Nature 1 5 6 , 784, 1945. "The Electronic Theory 

of Organic Chemistry," p. 62, Clarendon Press, London, 1949. 
7 4 K. Nakamoto, / . Am. Chem. Soc. 74, 1739, 1952. 

76 



quinhydrone on an object slide. Under the microscope 
(Fig. 13) one finds featherlike crystals running in dif›
ferent directions. If these are observed in polarized 
light (Fig. 14) part of the crystals will be found to be 
dark blue, while others, running at right angles to the 
former are light yellow. If the preparation is turned by 
90°  the colors interchange. (In Fig. 14 the blue ones 
appear black.) The absorption of quinhydrone shows 
two maxima,75 one at 550 and one at 380, correspond›
ing to the two different oscillations. 

`  Éˇ" 2 M p-hydroquinone solution is colorless and a 
É ˇ 2 M p-quinone solution is light yellow. On mixing 
the two, the color hardly changes, though É ˇ 2 M quin›
hydrone can be expected to be red-brown. Our mix›
ture remains colorless ( first tube on the left in Fig. 15 ) 
because, at this dilution, quinhydrone dissociates, or 
rather, is not formed at all. 

Amusing experiments can be made with this É ˇ 2 M 
mixture. If one suddenly freezes this solution,* it turns 
into dark ultramarine blue (last tube on the right in 
Fig. 15). This shows that we have, by freezing, forced 
the molecules to form a complex, and forced them into 
an unusual relation which favors the oscillation be›
tween quinone and hydroquinone molecules at right 
angles to their plane, f In order to trap the quinhydrone 
in its red-brown modification, we have to add to the 

* As a freezing mixture I usually use powdered dry ice sus›
pended in the monomethyl ester of ethylene glycol. 

f If somewhat more concentrated solutions are frozen, then on 
melting, the ice leaves behind dark blue, almost black, fine needle-
shaped crystals which show no dichroism, contrary to the regular 
quinhydrone crystallized at room temperature, which is red-brown 
and dichroic. 
7 5 Keisuke Suzuki, Busseiron Kenkyu. Research on the Structure of 

Matter, No. 102, page 5, Japan. 
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FIG. 13. Quinhydron e crystal s in plain light. FIG. 14. Quinhydrone in polarized light. 



mixtur e of one par t of 10"2M quinone and quinhy›
drone , one par t of 10% glucose. By sudden freezing we 
can then tra p the quinhydron e molecules in their red -
brow n form which is metastabl e in our frozen system 
(second tub e from left) . That this is so, can be demon›
strate d by dippin g the frozen tube , for a few seconds, 
into wate r of room temperature . The carrot-re d color 
shoots over into ultramarin e blue (thir d tub e in Fig. 
15). One can amuse oneself (and one’s children ) with 
these colorful experiments . All these changes are re›
versibl e and the highly colored ice melt s into a practi ›
cally colorless liquid . 

Wha t holds the quinhydron e molecule so tightl y to›
gether in the quinhydron e crysta l is, in the first  place, 
not the ˙-bond s but the ð- ð  interaction. 76 In the blue 
quinhydron e this interactio n seems to be favored . 
Simply dryin g down a mixed solution of quinone and 
hydroquinon e will result only in the formatio n of 
brow n quinhydrone , as can easily be demonstrate d by 

7 6 That the essential point in quinhydron e interactio n is not the H-
bonding has been shown by Michaelis and Granick ( J . Am. 
Chem. Soc. 66, 1023, 1944), who demonstrate d the formatio n 
of quinhydron e also when the H’s in hydroquinon e were ex›
changed for methy l groups . That ther e is no obligator y ex›
change of H’s betwee n the two molecules in the crysta l has 
been demonstrate d by I. P. Gragero v and G. P. Mikluhin 
(Doklady Akad. Í auk. USSR 62, 79, 1948) and A. Bothner-By 
(/. Am. Chem. Soc. 73, 4228, 1951) who showed that if iso-
topically marke d quinone formed quinhydron e with unmarke d 
hydroquinon e (or vice versa) , then from the crystal s the marke d 
or unmarke d component s could be recovere d without having 
taken over ˙  from, or given H’s to, their partner . Quinhydron e 
formatio n was thus, in these cases, purely an interactio n of the 
7ˆ  electron systems . In these experiment s the ˙-atom s of the 
benzene ring were substitute d to preven t a rearrangemen t of 
double bonds . 
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pouring a few drop s of a methanol i solution of quin›
hydron e on filter  paper : the evaporatin g solution leaves 
a brow n patc h behind . If this patc h is wette d with 
wate r and frozen by placing some powdere d dry ice 
on top , the color changes into a vivid blue. 

Quinhydron e is a classic example of a weak charge 
transfer . Quinone is a good accepto r but hydroquinon e 
is a poor donor (see Tabl e I ) and so ther e is no spon›
taneous transfer of electrons . The orbital s of the ver y 
closely packe d quinone and hydroquinon e molecules 
overlap and the light makes the electrons oscillate be›
tween the neighboring molecules if the light vecto r 
moves them in this direction . Neither the blue, nor the 
red-brow n quinhydron e gives an ESR signal. As men›
tioned before , charge transfer is ver y sensitive to dis›
tance. The flat benzene rings fit ver y closely and if no 
bulky side chains are introduce d ther e is no steri c 
hindrance to distur b close proximity . 

RIBOFLAVI N (FMN) AND SEROTONI N 

As is generally known, FMN is intensely yellow and 
its solutions show a strong green fluorescence which, 
on freezing , changes into an orange phosphorescence. 77 

Serotonin (5-hydroxytryptamine ) is a close relativ e of 
tryptophan . It has no color. It is not a "reducing agent" 
having no tw o stable state s which would correspon d 
to the loss of tw o H’s or tw o electrons . However , it 
has a fairly high filled orbita l (k = 0.486) and can be 
expecte d to be a fair monovalen t electron donor while 
FMN with its lowest empt y orbita l (A: = 0.343) is a 
good acceptor . So, if the two molecules are kep t close 
togethe r a charge transfer could occur, an electro n 

7 7 A. Szent-Gyôrgyi , "Bioenergetics," pages 28, 29. Academi c Press, 
New York , 1957. 
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FIG. 1 5 . From left to right: First�mixtur e of 0 . 0 1 M p-
quinone and hydroquinone; second�mixtur e of 0 . 0 1 M qui›
none, hydroquinone, and 10%  glucose, frozen; third�sam e 
after slight warming; fourth� 0.01 M quinone and 0 . 0 1 M hy›
droquinone, frozen. (Details�se e text.) 



FIG. 1 6 . From left to right: F i r s t � 5.10 4 M riboflavin 
phosphate Na (FMN); second�mixtur e of 1 0 4 M FMN and 
serotonin; third� 5.10~4 M FMN, frozen; fourth�FMN�sero ›
tonin mixture, frozen; fifth�sam e at acid reaction. (Details-
see text.) 



passing from the indole to the vitamin . Figure 16 
shows the color changes taking place on freezing of 
an aqueous solution containing a mixtur e of the tw o 
substances . The first  tub e on the left contained a 5 . 1 0 4 

M  solution of FMN, while the next tub e contained , in 
addition , an equivalen t amount of serotonin . Ther e is 
no strikin g difference in color betwee n the tw o al›
though the mixtur e may be a trac e darker . The third 
tube contained pur e FMN frozen to show that freez ›
ing, as such, makes no difference in color: the ice is 
intense yellow. The fourth tub e shows the FMN-
serotonin mixtur e frozen. Its color is mahogany brown. 78 

The last tub e contains the same 79 mixtur e frozen , con›
taining also 1% strong HC1. It is black . Most strikin g 
changes indeed . All of them are reversible : on melting , 
the original color returns . Freezing promote s a reactio n 
occurrin g to a smaller extent also at room temperature , 
as can be shown by the noticeabl e darkenin g of the 
FMN solution obtained on mixing FMN and serotonin 
of higher concentration . 

Wit h the metho d of Strehler and McGee 80 the ab›
sorptio n spectru m of the frozen solution can be meas›
ured . The brow n solution shows an absorptio n maxi›
mum around 500 éçì. Wha t makes this mahogany color 
and absorptio n interestin g is its similarit y to the color 
of the free radica l of FMN. This radical , Michaelis’ 
rhubroflavin , in free condition , is stable only at a 
strongly acid reactio n and can readil y be produce d 
by reducin g FMN by dithionit e in presenc e of strong 
HC1. This free radical , produce d by the monovalen t 

7 8 I. Isenberg and A. Szent-Gyorgyi , Proc. Natl. Acad. Sci. U.S. 44, 
857, 1958. 

7 91 . Isenberg and A. Szent-Gyorgyi , Ibid. 45, 1229, 1959. 
8 0 B. Strehler and M. McGee (unpublished) , quoted from ref. 79. 
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reductio n of FMN, was discovere d a quarte r of a 
centur y ago by Kuhn and Wagner-Jauregg, 81 and has 
been studied since, extensively , by Michaelis and his 
associates, 82"84 and Beinert. 8 5’86 It has its absorptio n 
maximum , dependin g on pH, betwee n 475 and 570 ôáì. 
In partiall y reduce d yellow enzyme s Beinert found a 
strong absorptio n at 500 ôáì. This means that we can 
actually identify , with great probability , the molecular 
species which is responsibl e for the absorptio n in our 
neutra l frozen mixture s as being relate d to the free 
radica l of FMN. 

An absorption , similar to that of the free radical , can be observe d 
even at room temperatur e in stronger solutions of pure FMN with›
out an added donor. FMN being both a good accepto r and a fair 
donor ( k of the highest filled orbita l = 0.496 ) we can expect a 
charge transfer from one molecule to the other in the FMN dimers. * 
As pointed out by Mulliken, transfer is possible not only betwee n 
different , but also betwee n identical , molecules and Michaelis and 
Granick 8 7,f as well as Beinert, 85 demonstrate d the dimerization . 

E. Haas,88 Beinert, 85 and Ehrenber g and Ludwig 89 

* The donor propertie s of FMN can also be demonstrate d by the 
color change produce d on freezing of FMN solutions containing 
some I 2. Molecular iodine with its unsatisfied electronegativit y is a 
good acceptor . On freezing, the solution turns black . 

t Refs. 48, 49, 50, on page 55. 
8 1 R. Kuhn and T. Wagner-Jauregg , Ber. 67, 361, 1954. 
8 2 L . Michaelis, M. P. Schubert , and C. V. Smythe , / . Biol 116, 

15, 1936. 
8 3 L . Michaelis and G. Schwarzenbach , J . Biol. Chem. 123, 521, 

1938. 
8 4 L . Michaelis, Theory of Oxidatio n and Reduction , in "The En›

zymes, " Vol. II , Part I, J . B. Sumner and K. Myrbâc k (Eds.) , 
Academi c Press, New York , 1951. 

8 5 H. Beinert , Biochim. et Biophys. Acta. 20, 588, 1956. 
8 6 H. Beinert , / . Biol. Chem. 225, 465, 1957. 
8 7 L . Michaelis and S. Granick , J . Am. Chem. Soc. 66, 1020, 1944. 
8 8 E . Haas, Biochem. Z. 290, 291, 1937. 
w A. Ehrenber g and J . D. Ludwig , Science 127, 1177, 1958. 
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demonstrate d the formatio n of such red radical s also 
in enzyme-linke d FMN and FAD, under influence of 
metaboli c ˙-donor s or reducin g agents, while Com ›
moner * and his associates, as well as Ehrenber g and 
Ludwig, t showed FMN to give ESR signal on partia l 
reduction , and Ball90 noted the brow n color on xanthin 
oxidase, a flavoprotein. 

The black FMN-serotoni n mixture , frozen at acid 
reaction , shows in the spectroscop e \ a broa d absorptio n 
stretchin g over the whole visible and having a maxi›
mum in the near ultraviolet , wit h its tail in the 
visible , similar to the absorptio n of the green FMN 
radical , Michaelis’ "verdoflavin. " Anothe r maximum is 
located at 570 mju wit h a shoulder at 620 m/÷ . Evi›
dently , various spectr a becom e confluent here, mayb e 
that of FMN", and FMN" wit h one or tw o proton s 
bound (as suggested by calculations of Karreman§) , 
possibly wit h some charge transfer spectru m mixed in. 
In any case, ther e can be littl e doub t that this is a ver y 
strong charge transfer wit h nearly a whole electro n 
transferred . In frozen mixture s containing equivalen t 
amounts of FMN and serotonin , the lack of any light 
emission indicate s that the whole FMN has been in›
volve d in the formatio n of the charge transfer complex , 
at bot h neutra l and acid reactions , one whole electro n 
having been transferre d to it. 

The transferre d electro n may have come from the ð 

* Refs. 7, 8 on page 6. 
t Ref. 89 on page 82. 
t Ref. 79 on page 82. 
§ G. Karreman , Personal communication . 

9 0 E . Ball, Cold Spring Harbor Symp. Quant. Biol. 7, 100, 1939. 
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pool of the serotonin or from the lone electro n pair of 
its N, which also makes par t of the ð  pool of the mole›
cule.91 

The assumptio n that the color changes are due to the 
absorptio n of the FMN~ formed and not to a charge 
transfer spectrum , can be supporte d by freezing FMN 
in presenc e of KI . The iodide anion is a fair electro n 
donor . Although its ionization potentia l is ver y differ›
ent from that of indoles,* the color changes obtained 
on freezing are the same as those produce d by sero›
tonin, since the absorbin g molecular species, FMN" 
are the same. If the spectr a had been charge transfer 
spectr a and not the spectr a of the radica l one would 
have expecte d marke d changes in absorptio n when 
using different donors . Wit h the FMN complexes the 
spectr a wer e practicall y unchanged. 

Ther e is one point about the interactio n of FMN 
and serotonin which demand s attention : its great in›
tensity . Although serotonin is a somewhat stronger 
donor than indole, or some of its derivative s such as 
tryptamine , this extraordinar y reactivit y is character ›
istic for the indole formatio n in general and is in no 
way explained by the energy values of the highest filled 
molecular orbital . Accordin g to its k (0.534) indole is 
only a "fair" donor , not a really good one. Its charge 
transfer spectr a correspon d to this k, as shown by the 
curves of Fujimor i (Fig. 11) . However , this curv e 

* The electron affinity of an atom is equal to the ionization 
potentia l of its monovalent ion. The electron affinity of I and thus 
the ionization potentia l of I~ is 3, 14 EV. That of indoles is prob ›
ably considerabl y higher. 

9 1 As shown by Fujimori , par t of the emission of tryptopha n disap›
pears in presence of strong acid indicating that the excited 
electron came from a lone electron pair (Biochim. et Biophys. 
Acta 40, 257, 1960). 
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shows that wit h bromanil , indole gives a second ab›
sorptio n peak which correspond s to a considerabl y 
lower frequency . Such a double peak , accordin g to 
Kainer , Bijl, and Rose-Innes,* is characteristi c for ver y 
strong charge transfer , the interactio n of strong oxi›
dizing and reducin g agents. But even the Jt, corre ›
sponding to this second absorptio n peak f does not 
explain the observe d strong donor property . Ther e 
seem to be other hithert o unknown molecular indices 
which entail this extraordinar y reactivity . Ther e is but 
one general statemen t we can safely make about all 
this, and this is that if Natur e develope d a substance 
for electro n transfer , then she may have given to this 
substance extraordinar y qualities as an electro n trans ›
mitter . Indole has such qualities which mak e it likely 
that Natur e develope d this ring actually for services 
of this kind. This seems to be noteworth y because 
physiologicall y rathe r activ e and importan t substances 
are found among indole derivatives . The plant hormone 
indole acetic acid, and serotonin , may be quoted , but 
the most remarkabl e fact to me is that protei n also has 
an indole side chain contained in its tryptophan . This 
may thro w light, some day , on the real meaning of 
protein . It is temptin g to think that Natur e introduce d 
this amino acid into the protei n molecule to mediat e 
its charge transfer reactions . | ’9 2 

* Refs. 57, 58 on page 60. 
f This absorptio n would correspon d to a k of 0.46. 
t Myosin and actin, which transfor m chemical energy into motion, 

are rich in tryptopha n while paramyosin , which has a passive role, 
supplyin g a catch mechanism with its crystallization , has none. 
The highly crystallin e tropomyosin , which seems to have some 
similar function, is also devoid of tryptophan . 

9 2 W . H. Johnson and Andre w G. Szent-Gyorgyi , Science 130, 160, 
1959. 
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FMN too has but a fairly low k for its lowest empt y 
molecular orbita l (-�0.344 ) and its reactions as an 
electro n accepto r are stronger than this k allows us to 
expect . So what has been said for indole holds, also, 
for FMN of which we do know that Natur e mad e it 
to serve as an electro n transmitter. * 

Accordin g to its k, FMN is not an especially good donor (k of 
the highest filled orbita l = 0.500), but it should be remembere d 
that the ˙-dono r in oxidation is not FMN, but FMN*, which has 
an electron accepte d on an antibondin g orbita l and can be expected 
to be an especially good donor. This is the case as has been shown 
for FMNH2 by the Pullmans, f the k value for the highest filled 
orbita l having a negative value, which was the first  instance ob›
served of a filled orbita l with an antibondin g characte r (see 
Table I ) . 

Othe r donor-accepto r pair s of biological substances 
have been describe d by Cilento and Giusti, 93 and Isen-
ber g and the author. | The electro n transmissio n be›
twee n serotonin and DPN+ can be beautifully demon›
strate d by the freezing technique : on freezing , the 
mixtur e assumes the yellow color of DPNH. Fujimori 94 

studied charge transfer , using pteridine s as an ac›
ceptor. 9 5’96 The first  to point out the possible role of 

* Karrema n (persona l communication ) showed that the FMN and 
indole molecule can be laid on top of one another in a way that 
positivel y charged C atoms come to lie opposit e negatively charged 
ones, which may contribut e to attraction s betwee n the two mole›
cules and favor charge transfer . The strong interaction s observed , 
however , cannot be ascribed solely to this factor since indole acts 
as a strong donor, also, with other acceptors . 

f Ref. 25 on page 44. 
t Ref. 79 on page 81. 

9 3 G. Cilento and P. Giusti , / . Am. Chem. Soc. 81, 3901, 1959. 
9 4 E. Fujimori , Proc. Natl. Acad. Sci. U.S. 45, 133, 1959. 
9 5>»â˙ . A. Harbur y and K. A. Foley, Proc. Natl. Acad. Sci. U.S. 

44, 662, 1958; Ibid. 45, 178, 1959. These authors measured the 
dissociation constants of complexes of isoallaxizins in various 
solvents and leave it open as to how far charge transfer was 
involved . 
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charge transfer in the function of DPN, and hence in 
biological oxidation , was Kosower. * 

CORTISON E I 2 

The interactio n of hydroquinon e and quinone was 
a classic ôô- ð  interaction . The interactio n of serotonin 
and FMN also involved , in all probability , the í pool 
of these substances , though the transferre d electro n 
might have been derive d from the lone pair of N. In 
these cases the planarit y of the interactin g molecules 
greatl y favore d comple x formation , the tw o flat sur›
faces providin g approachabilit y and a free play of the 
attractiv e forces leading to intimat e union. 

Mullikenf has pointed out that charge transfer com›
plexes can be formed not only by an extensive planar 
system of conjugate d double bonds wit h their ð  pools, 
but also by local donors or acceptors , atoms or small 
atomi c groups making par t of bigger molecules. The 
lone pair of ˝  or ˇ  molecules can serve as local "onium 
donors." Miller and Wynne-Jone s \ have shown the 
NH2 groups to be strong donors . 

Reid and Mulliken 97 studied such a case: the charge 
transfer betwee n pyridin e and I 2. As they point out, 
the various solvents dissolve I 2 wit h tw o different 
colors. The homoiopolar ones, such as chloroform , dis›
solve it wit h a violet color, which is also the color of 
the iodine vapor . The heteropola r solvents , as alcohols, 
dissolve it with a brow n color (which in higher dilu›
tion looks rathe r yellow) . This color change they 
ascrib e to a charge transfer which shifts the absorptio n 

* Ref. 15, page 19. 
f Ref. 47, page 55. 
t Ref. 60, page 60. 

•* C. Reid and R. S. Mulliken, / . Am. Chem. Soc. 76, 3869, 1954. 
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of I 2 from the violet 520 m/* to 410-370. Pyridin e also 
dissolves h wit h a yellow color, and at the same tim e 
a "charge transfer spectrum " appear s in the U V . The 
donor , in this case, is the lone pair of the ˝  atom of 
pyridine . Accordin g to Mulliken and Reid , first  an 
"outer complex" is formed which then goes over into 
the "inner one"; in the cortisone complex , also, some 
such rearrangemen t may occur. 

As mentioned earlier , charge transfer is ver y sensi›
tive to distance and a ver y close proximit y of accepto r 
and donor are a sine qua non. It is easy to see that tw o 
flat aromati c structure s can easily establish such prox ›
imity wit h their faces parallel , and conditions will 
favor charge transfer if the donor is the ð  electro n 
system of the one while the accepto r is the -ð system 
of the other . The situation will be different if we are 
dealing with a localized donor , as was the case with 
pyridin e in which the ˝  atom donate d one of the elec›
trons of its lone pair . In this case the desired proximit y 
can be established much easier if the accepto r itself is 
but a small molecule such as that of I 2 which can easily 
find the desired steri c position in relation to the ˝ 
atom. Charg e transfer will be mor e difficult to achieve 
betwee n such a local donor and the ð  system of a com›
plex molecule. 

Ketosteroid s are big flat molecules with CO groups 
in which the O, with its lone pair of electrons , may 
act as a strongly localized donor . So in orde r to find 
out whethe r it really will do so, we do well to choose 
a small molecule, such as I 2 , as acceptor . The question 
is only how to bring the ˇ  and I 2 together . Both I 2 and 
steroid s are soluble in chloroform , but nonpolar solvents 
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disfavor strong charge transfer . Strong charge transfer 
is favore d by polar solvents . However , most polar sol›
vents , like alcohol, which dissolve bot h steroid s and I 2 , 
are fair local electro n donors themselve s and so can be 
expecte d to compet e wit h the steroid for I 2 , with which 
they form charge transfer complexes themselves . 
Wate r is a strongly electropola r solvent and is a ver y 
poor donor , so, in principl e it would suit our purpose , 
but it dissolves neither steroid s nor I 2 ver y well. So, 
evidently , some tricker y is needed . W e can try , for 
instance, to dissolve bot h steroid s and I 2 in chloro›
form, pour some of the solution on filter  pape r and 
let the chloroform evaporate , expectin g the I 2 and 
steroid to form a complex . Then we can wet the paper , 
thus exposing the complex to the desired heteropola r 
solvent , expectin g a charge transfer to tak e place and 
declar e itself by a change in spectra l properties . 

If 0.01 M I 2 is dissolved in chloroform and 0.01 M 
cortisone is added , ther e is no change in color. If the 
solution is poure d on (Watma n 1) filter  pape r and the 
chloroform is allowed to evaporate , a yellow complex 
is left behind (withou t cortisone the I 2 evaporate s too, 
leaving a colorless filter  pape r behind) . 

If the pape r is dipped , now, into water , its yellow 
color turns deep blue. The color will be even mor e 
intense if instead of wate r the pape r is dippe d into a 
Lugol solution,* diluted with 25 volumes of water. f 

* Lugol’s solution contains 5 grams iodine and 10 grams K I in 
100 ml water . A Lugol diluted 1/25 colors the paper itself but 
faintly brown . 

t Acridine , which is not only a good accepto r (k = �0.343 ) but 
also a good donor (k = -f0.494) gives a similar color under simi›
lar conditions . 

89 



The spectroscop e shows a broa d absorptio n wit h a 
maximum at 740 m/*, wher e neither I 2 nor cortisone 
absorbed . The absorptio n is structureless , has thus all 
the earmark s of a charge transfer spectrum , lying also 
at a longer wavelengt h than the absorptio n of the re-
actants . Kendall’s compound S shows a similar , though 
weaker color change. The color develope d by the corti ›
sone-iodine compound is rathe r unstable and disap›
pears in a few minutes . (Mulliken noted that many 
charge transfer complexes have a strong tendenc y to 
give secondar y reactions , as going from "outer" to 
"inner" complexes , or giving irreversibl e changes. ) Ten 
per cent methano l completel y inhibits the developmen t 
of the blue color (the alcohol being a not too poor 
electro n donor) . 

The blue color, wit h the long wavelengt h absorptio n 
on the borde r of the infrared , indicate s that relativel y 
littl e energy was needed to transfer an electro n from 
cortisone to I 2. So, wit h a stronger electro n accepto r a 
charge transfer in the ground stat e could be expected . 

The other ketosteroid s studied , give, under similar 
conditions , an orange color which is mor e stable than 
the blue one given by cortisone . Here too the peaks are 
broa d and structureless . The maximum lies with testos ›
teron e at 410 m/Ø, wit h deoxycorticosteron e at 430 m^, 
with A5-androstene-3,17-dion e at 420 m/÷ , with ˜ 4 -
androstene-3,17-dion e at 450 m/÷ , and with progester ›
one at 405 ôçì. Cholesterol , stigmasterol , A5-androstene -
3/?,17/?-diol, or estradiol , having no CO , do not show 
such color changes. Estradio l having a system  of con›
jugate d double bonds with their ð  pool, gives a charge 
transfer with trinitrobenzene , as shown by Williams -
Ashman, while the guest of my laboratory . 
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The Is compound s can be produce d preparatively. * 
The color changes, given by steroid s wit h I 2 , have 

been describe d a decad e ago by Zaffaroni 98’99 and his 
associates, who used them for the detectio n of steroid s 
in chromatography . At that tim e these reaction s wer e 
demonstrate d to me by Dr. Oscar Hechter of the 
Worceste r Institut e for Experimenta l Biology and 
Medicine . Charg e transfer being yet unknown to me, 
I could make no sense of these color changes. It was, 
evidently , the memor y of this early demonstratio n 
which led me back to these reactions , t 

Although ther e is no final proo f for it, the probabili ›
ties are that these reactions of steroid s and I 2 are 
charge transfer reaction s indicatin g a strong donor 
abilit y of ketosteroids . The experiment s of Talalay , Wil ›
liams-Ashman , and Hurlock , to which I will come back 
later (Chapte r XII ) actually show that steroid s can 
act as electro n donors and acceptors , mediatin g the 
electro n transfer betwee n pyridin e nucleotide s in the 
presenc e of a catalyst . 

* Dissolve 0.5% cortisone in hot water , then add 1/20 vol. of 
Lugol’s solution. On cooling, the deep blue iodine complex of the 
steroid separates , can be spun off, washed with littl e water and 
pressed out betwee n filter  papers . 

f For the generous supply of DOC and cortisone , I am grateful 
to Merck ; for the progesterone  and compound S and estradiol , to 
Dr. O. Hechter and the Worceste r Foundation for Experimenta l 
Biology and Medicine; for the androstene s and other highly puri ›
fied sterols , to Prof. Charles B. Huggins. 

9 8A . Zaffaroni, R. B. Barton , and ¯ . H. Keitman , Science 111, 6, 
1950. 

9 9 R. B. Barton , A. Zaffaroni, and ¯ . H. Keitman , J . Biol Chem. 
188, 763, 1951. 
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VIII 

Miscellaneous Remark s 

WATE R 

I N M Y  L I T T L E B O O K "BIOENERGETICS " T W O C H A P -

ter s wer e devote d to water . In the presen t book hardl y 
any mention has been mad e of it. This is by no means 
because the author has changed his mind about struc ›
ture d wate r which, so to say, is half of the living 
machinery , and not merel y a medium or space-filler . 
He still thinks that it is a mistak e to talk about pro ›
teins, nucleic acids or nucleoprotein s and water , as 
if they wer e tw o different systems . They form one 
single system which cannot be separate d into its con›
stituent s withou t destroyin g their essence. I am mor e 
convinced than ever that half of the contractil e mat ›
ter of muscle is water , contractio n the collapse of its 
structure , induced by actomyosin . Biology has forgot ›
ten wate r as a deep sea fish may forget about it. If 
wate r was hithert o passed by in silence in the presen t 
booklet  this was because the author had no new ex›
perimenta l materia l to present , although ther e has 
been some progress , and also criticism in different 
quarters . 
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In my first  littl e bookle t I talked about "ice" formed 
around various molecules. J . D. Bernai* justly objecte d 
to the ter m "ice" which means something ver y definite 
for a crystallographer . Instead of ice one should rathe r 
speak about structure d water , or wate r with restricte d 
freedoms . All the same, "ice" is a nice and short word . 
It was probabl y for this reason that it has been used 
by outstandin g earlier investigator s like Frank and 
Evans. 1 00 

Speaking about progres s mad e in the study of wate r 
in its relation to biological structures , the work of I. 
Klotz 1 0 1"1 03 should not remain unmentioned . Klot z 
showed that certai n reactions of protein s could be ex›
plained by supposing the existence of a strongly bound 
sheet of wate r around the particle s which greatl y modi ›
fied their accessibility, 101 reactivity, 1 02 and even medi ›
ate energy transmission. 103 Eigens work 1 04 on the high 
proto n conductivit y of ice could bear on such a possi›
bility. 105 Bernai^ 1 0 6’1 07 latest work shows that even 
random liquids have their geometry . 

Wate r may be importan t for biological happening 
bot h by its presenc e and its absence. Green f stresses 

* Personal communication . 
t Ref. 21 on page 30; ref. 28 on page 48. 

loo H. S. Frank and M. W . Evans, J. Chem. Phys. 13, 507, 1945. 
Øïß I. M. Klotz , Science 128, 815, 1958. 
Ø02 I. M. Klot z and R. G. Heiney, Proc. Natl. Acad. Sci. U.S. 43, 

74, 1957. 
i o 3 I. M. Klotz , J. Am. Chem. Soc. 80, 2123, 1958. 
i ° 4 M. Eigen and L . de Maeyer , Proc. Roy. Soc, A. 247, 505, 1958. 
105 Review on the possible biological role of wate r structures : See 

P. L . Privalov , Biofizika, 3, 738, 1958. Translation : In Bio›
physics 3, 691, 1958. "The state and role of water in biological 
systems. " 

ioej. D. Bernai, Nature, 183, 141, 1959. 
i ° 7 J . D. Bernai, Nature, 185, 68, 1960. 
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that the proces s of oxidativ e phosphorylatio n in mito ›
chondri a takes place in an anhydrous , lipid  matrix . This 
anhydrou s natur e of the medium may alter happenings 
and energy relations . It has been shown by B. Pull›
man^ for instance, that the hydrolyti c free energy of 
AT P depends , to a great extent , on the dielectri c prop ›
ertie s of the medium , and, as pointed out by Isenberg , J 
can be expecte d to be considerabl y higher in an an›
hydrou s than in an aqueous milieu. Ther e may be proc ›
esses, such as electro n transfer , which simply might 
not work in a water y medium , as the spark plugs of 
our car refuse to serve if wetted . 

In my littl e bookle t on bioenergetic s emphasis was 
laid on the excited states , singlet as well as triplet . This 
I did because I thought that till we really know 
what’s what we had bette r look at everything . As men›
tioned in my presen t Chapte r IV, a direc t transitio n 
from the ground stat e into the excited stat e within one 
and the same molecule seems rathe r unlikely for proc ›
esses which are not induced by photons . So, in a way , 
I lost faith in excited state s and levels. Charg e transfer 
helped me to recove r it. 

IONS 

The donor-accepto r relations may also lead to a 
bette r understandin g of ionic activity . Hofmeiste r has 
arrange d the various ions accordin g to their colloidal 
activit y into the so-called "lyotropi c series." This col›
loidal activit y has been connected since wit h various 
parameters , as, ionic radius , the intensit y of the sur›
rounding electrostati c field, and hydration . For anions 
the series is mostl y quote d as: citrat e > tartrat e > S 0 4 

f Ref. 6, page 6. 
t Wood s Hole Conference on Molecular Excitation , 1959. 
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> acetat e > C I 0 3 > N 0 3 > Br > I > CNS. For cat›
ions: L i > Na > ˚  > RB > Cs. The colloidal effects 
are opposit e on the tw o ends, and accordingl y the in›
itial member s of the anion series are called "salting 
out" and the last member s the "salting in" anions. My 
own laborator y has often mad e use of these activities , 
"salting out," precipitatin g protein s by sulfates, or "salt›
ing in," bringing into solution and depolymerizin g 
actin, or dissociating actomyosi n by elevate d concen›
tratio n of iodides . Rhodanide s had similar effects. One 
may wonder why these ions "salt in," dissolve , dissoci›
ate, and whethe r some other paramete r has not been 
overlooked ? Such a paramete r may be the abilit y to 
act as electro n donors or acceptors . This assumptio n is 
supporte d by the ionization potential s and the paralle l 
electro n donor propertie s of the anions. SCN" and ˆ 
are at the end of the series and are relativel y good 
electro n donors . Br" and (NO s)~ are less activ e but 
even ( C I 0 3 ) ~ is known as a fair donor.* The cations 
can be expecte d to act as electro n acceptors , though 
they are less dominatin g and ther e is less difference 
among them , as expressed by their oxidation potential s 
(Tabl e I I ) . Accordin g to the Table , lithium will be the 
best acceptor , Na will be poorer than K , but ther e 
will be ver y littl e difference betwee n them. All the 
same, when studyin g the action of a salt, we must 
bear in mind that what we measure in most cases will 
not be the donor action of the anion nor the accepto r 
action of the cation, but both , acting simultaneously . 
So, the solubilizing action of K l on a protei n might be 
due to the prevailin g donor activit y of the I", the solu›
bilizing indicating only the overal l result of the dona-

* Ref. 47 on page 55. 
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tion and acceptanc e of electrons , and will not mean 
that the cation did not act at all. 

TABL E I I 

OXIDATIO N POTENTIAL S OF ELEMENT S 

Oxidatio n Oxidatio n 
Element Potentia l Element Potential* 

Li + 3 . 0 4 5 F 2 
- 2 . 8 5 

Na + 2 . 7 1 4 CI 2 - 1 . 3 6 
˚ + 2 . 9 2 5 - 1 . 0 6 6 
Rb + 2 . 9 2 5 - 0 . 5 3 6 
Cs + 2 . 9 2 3 

°  Values, in volts , referre d to the hydrogen-hydroge n ion couple 
as zero , for unit activitie s at 25 °C . For cations, as Li the reaction 
is: Li� » L i + + le, for anions like F the reaction is 2 F ~ � > F 2 

+ 2e. ( Quoted from the Handbook of Chemistr y and Physics, 38 
Ed. , Chemica l Rubber  Publ. Co. ) 

The donor activit y of iodide can easily be demon›
strate d by freezing a 10"3 M FMN in presenc e of 10~2 

or É ˇ 3 Ì ˚É . On freezing,* the solution assumes a 
brownis h color, indicating the charge transfer with the 
formatio n of FMN". If the mixtur e is frozen in the 
presenc e of 1% HC1, the final color reached within a 
few hours is black . If time is given and the mixtur e is 
stored at the low temperatur e over night, even the 
isomolar É ˇ 3 Ì  ˚ É  will make the FMN turn com›
pletel y black . Such a slow reactio n is typica l for many 
charge transfer reactions . The phosphorescenc e of the 
frozen FMN is completel y wiped out, indicating the 
transfer of a whole electron , that is a strong charge 
transfer reactio n in the ground state . KSC N also turns 
the FMN solution brownish , but seems to be less activ e 

* See first  footnote on page 77. 

97 



than ˚É , which difference may be due to the poorer 
approachabilit y of SCN" and the greate r "softness" of 
the I" ion. That KSC N actually is a stronger donor 
than K I can be shown by using a different acceptor , 
and freezing a 10"3 solution of 1, 2-naphthoquinone -
4-sulfate Na in presenc e of 0.1-0.01 Ì  K I or KSCN . 
The naphthoquinon e radica l is brown , and on freezing 
the solutions turn brown . The tub e containing KSC N 
will be darke r brow n than the one with KI , all these 
reactions being reverte d on melting . 

Charg e transfer complexes of FMN are split by 0.1 
M "neutral" salts. This holds tru e for many other 
charge transfer complexes . This dissociating action 
was, for a long time , a myster y to me, for heteropola r 
propertie s should rathe r promot e than inhibit charge 
transfer . However , if anions and cations act as elec›
tron donors and acceptors , then this dissociating action 
can be ascribe d to a competitio n of the anion and 
cation of the salt for the acceptor , respectivel y the 
donor of the complex . 

METACHROMASI A 

Metachromasi a is a fascinating phenomenon, in all 
probabilit y also connected with charge transfer . By 
metachromasia , following Ehrlich, 1 08 is meant the abil›
ity of certai n dyes to stain different materia l in dif›
ferent color. Metachromasi a has been studied by sev›
eral investigators , most intensely by Michaelis and 
Granick. 1 09 As they showed , ver y dilute solutions of 
metachromati c dyes (over 10"6M ) have a sharp ab-

1 08 P. Ehrlich, Arch, mikroskop. Anat. u. Entwicklungsmech. 13, 
1877. 

1 09 L . Michaelis and S. Granick , /. Am. Chem. Soc. 67, 1212, 1945. 
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sorptio n peak , given by the monomer . If the concen›
tratio n of the dy e is increased another lower peak ap›
pear s at a somewhat shorte r wavelength , which is 
generally accepte d to be that of the dimer of the 
dye 1 1 0’1 11 (Fig. 17) . Wit h increasing concentratio n the 

mp 5 0 0 6 0 0 7 0 0 

FIG. 17. Highest curve : Absorptio n of 10"6 M toluidine blue, 10 
mm path . Lowe r curve : 10~5 M toluidine blue, path 1 mm. Lowes t 
curve : same plus equivalent polyethylenesulfonat e Na. 

monomer peak become s lower , the dimer peak higher. 
The latte r always remains considerabl y lower than the 
monomer , even if dimerizatio n is nearly complete . If 
a substance is adde d which is stained metachromatic -
ally, a third , still lower and broade r structureles s peak 
appear s at a shorte r wavelengt h and bot h the mono›
mer and dimer peaks disappea r (Fig. 17) . The classic 
metachromati c dyes are toluidine blue, methylen e 
blue, and thionine. 

1 10 Ther e is also a smaller peak and shorter wavelength . Th. Forster , 
Naturwiss. 33, 166, 1946. 

1 11 J . Lavorell , / . Phys. Chem. 61, 1600, 1957. 
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Lison 1 12 observe d that most naturall y occurrin g sub›
stances which color metachromaticall y such as agar-
agar or chondroitin , contain S 0 3 groups and if these 
groups are eliminated the metachromasi a disappears . 
Evidently , the metachromati c coloration had to be due 
to an interactio n of the SOs group wit h the dye . Since 
the absorptio n shifts to shorte r wavelengt h and be›
comes smaller on dimerization , it was natura l to be›
lieve that metachromasia , a further shift and decrease , 
was due to a further association of the dye , induced , 
somehow, by the S 0 3 groups of the stained substance . 
The theor y of polymerizatio n (suggested wit h a ques›
tion mark by Michaelis ) was lately revive d by Bradle y 
and Wolf. 1 13 

The naturall y occurrin g metachromaticall y dyeing 
substances , such as agar-agar or chondroitin , owing to 
their complex and only partiall y known structure , are 
unfit for quantitativ e study . The same holds for poly›
phosphate , polymetaphosphates , or silicates, which also 
give metachromasia . Thanks to the courtes y of the 
Upjohn Company , Kalamazoo , I am in possession of 
a polyethylsulfate , which is an almost ideal material . 
It consists of repea t units of CH 2� CHSOsNa, has 
a molecular weight of 12,900 and is soluble in water . 

If one of the metachromati c dyes , say toluidine blue, 
is graduall y adde d to a stronger solution of the poly ›
ethylsulfat e ( É̌ " 2 M in relation to the ethy l sulfate 
unit which weighs 134 grams ) the first  minute quan›
tit y of the dye which produce s a visible color or meas-

1 12 L . Lison, Histochimie Animale , Gauther , Paris, 1936; Arch Biol. 
46, 599, 1935. 

1 13 D. E . Bradley and M. Wolff, Proc. Natl. Acad. Sci. U.S. 45, 
944, 1959. 
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urable spectru m is metachromatic . This simple ob›
servatio n strongly speaks against the polymerizatio n 
theory of metachromasi a because the few molecules 
of the dy e adde d can be expecte d to dispers e rathe r 
than aggregate , ther e being less than one dy e mole›
cule per macromolecule . 

The energy levels of the thre e classic metachromati c 
dyes mentioned show a peculiarit y which I did not 
find in the severa l scores of dyes studied in collabora ›
tion with G. Karreman . The k's, bot h those of the high›
est filled and those of the lowest empt y orbital , are 
ver y small (Tabl e III) which makes the gap betwee n 

TABL E I I I 

(condensed from Tabl e I ) 
k VALUE S FOR TH E HIGHEST FILLE D (hf ) AND LOWES T E M P T Y (le) 

MOLECULA R ORBITAL S 

hfmo lemo 

Toluidine blue 0.391 - 0 . 3 5 9 
Methylen e blue 0.398 - 0 . 3 5 4 
Thionine 0.398 - 0 . 3 5 4 
Nile blue sulfate 0.591 - 0 . 1 3 3 

the tw o ver y narrow�henc e the blue color wit h its 
long wav e absorptio n which lies partl y in the infrared . 
These values mak e the dyes into bot h good donors and 
good acceptors . It follows that they should actually 
be able to form a self-charge transfer complex , one 
molecule of the dy e donating an electro n to another , 
if we brin g tw o molecules into close proximity , as can 
be done by freezing their dilute aqueous solution. On 
freezing of their solution all thre e dyes actually change 
their color from the "normal" blue to the metachro -
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mati c purple . All this, taken togethe r support s the idea 
that the metachromati c coloration is due to the forma›
tion of a charge transfer complex. * SOs groups , ac›
cordin g to the tabulatio n of Mulliken, f are "ketoid " 
acceptor s while the O’s wit h their lone pair s of elec›
trons could also act as donors . 

If one molecule of toluidine blue is adde d pr o SOs 
a metachromati c complex is formed which precipitates . 
An excess of the colloid, in the relation 2:1, keeps the 
complex in solution. If mor e than one molecule of dy e 
is adde d pr o SOs, a 1:1 metachromati c complex pre ›
cipitate s leaving the excess of the dy e in the dark blue 
solution behind . 

Ther e are thre e points which make metachromasi a 
rathe r fascinating. Lison | observe d that the S0 3 group 
gives metachromasi a only if linked to a macromole -
cule. Low-molecula r sulfo compound s give no meta ›
chromasia . I can fully corroborat e this statement . My 
thre e polyethylsulfat e preparation s of molecular weight 
6000, 12,900, and 27,000 grams reacte d equally strong›
ly. However , when going under 5000 grams molecular 
weight , taking other big molecules such as hepari n or 
chondroitinsulfuri c acid, the metachromasi a becam e 
poorer . The limit seems to lie around 5,000 grams 
molecular weight . The size of the molecule seems to 

* This does not entail that the metachromaticall y shifted absorp ›
tion of the dy e correspond s to a charge transfer spectrum . It is, 
probably , analogous to the shift in the spectru m of iodine in charge 
transfer reactions . In charge transfer complexes formed with alka›
loids or pyridin e the spectru m of iodine shifts isosbetically from 
520 m/t to 410 m/i while the charge transfer spectru m prope r is in 
the UV. 

f Ref. 47 on page 55. 
t Ref. 112 on page 100. 

102 



mean something for charge transfer and it may mean 
something most importan t for biology , but what , I am 
unable to say. The 5,000 gram limit is fascinating be›
cause, as judged by the experienc e on myosin , this is 
the smallest size unit of which this protei n is built . 

This relation of metachromasi a to molecular weight 
may have something in commo n wit h the experienc e 
of Kainer , Bijl, and Rose-Innes, who found that the 
bulkiness of the reactan t molecules favors charge 
transfer. * 

The other point which fascinates me is connected 
with Strugger’s 114 observation , accordin g to which live 
tissues are colored green by acridin e orange, and dead 
tissues, red . Accordin g to my experienc e the situation 
is not this simple . All the same, metachromati c colora›
tion may open a way to study donor and accepto r 
propertie s of live tissues, and the living stat e or deat h 
may have intimat e relations to these properties . 

The cartilage and synovial membran e is rich in S 0 3 groups and 
one may wonder what their function should be. Tw o antimalaria l 
agents, atabrin e and chloroquine , both of which are good electron 
donors , have been found to alleviate symptom s of arthritis , alleviated 
also by cortisone, another donor. These relations might suggest new 
ideas about this disease which is cripplin g a considerabl e percentag e 
of our kind. 

The thir d point which mad e metachromasi a inter ›
esting for me is that it may shed light also on the na›
tur e of ionic activity . The experiment s of B. Kamine r 
(unpublished ) show that salts, containing the tw o last 
anions of the "salting in" end of the Hofmeiste r series, 

* Ref. 57 on page 60. 

1 14 S. Strugger , Jenaische Z . Naturwlss. 37, 1941. 
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induce a metachromati c coloration in all thre e dyes dis›
cussed. This pleads for the correctnes s of bot h assump›
tions: that the salting in effect is due to electro n dona›
tion and that metachromasi a is due to charge transfer . 
The compariso n of the dyes discussed supplies further 
evidence . As the k values indicat e (Tabl e III) Nile 
blue sulfate is a bette r accepto r than the other thre e 
dyes . Accordingly , we can expect that it is also mor e 
sensitive to the action of anions, an expectatio n borne 
out by the experiment . 

The fact that Nile blue sulfate shows a metachro ›
mati c change with nitrate , bromide , iodide , and rhoda -
nide is rendere d especially fascinating by the observa ›
tion of Kahn and Sandow, 115 accordin g to which these 
four anions are capabl e of increasing the maximal 
twitc h tension of muscle by their action on the mem ›
brane . It seems likely that this action is due to the 
electro n donating propertie s of these anions, which 
may open the way to the closer correlatio n of function, 
charge transfer , and the understandin g of ionic ac›
tivit y and drug action. 

An apparen t inactivit y of a salt, like KCI , does not 
necessarily mean that its ions did not act as donors or 
acceptors . It may also mean that these just com›
pensat e each other’s overal l action. So even the ions of 
an apparentl y inactiv e salt may rende r empt y or satu›
rate d energy bands conductan t by donating or accept ›
ing electrons . 
1 15 A. J . Kahn and A. Sandow, Ann. New York Acad. Sci. 62, 137, 

1955. 
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I X 

On the Mechanism of 

Drug Actio n 

IT IS NOT THE INTENTIO N OF THE AUTHO R TO 

attemp t to give an answer to the unsolved problem s 
outlined at the outset . All he hopes to do in this par t 
of his bookle t is to show that some of these problems , 
if looked at throug h the glasses of the submolecular , 
may appea r in fresh light, suggesting tentativ e theo›
ries which may lead to useful experimentation . 

The first  example I want to tak e is that of the mech›
anism of dru g action. A number of dru g actions have 
found an explanation in competitiv e inhibition. As a 
false key may fit into a slot withou t being able to open 
it, so a dru g may fit into some biological binding site, 
and displace some natura l substance withou t being 
capabl e of fulfilling its function. A few biologically 
activ e substances wer e found to act by blocking some 
importan t atomi c group , as the SH. In spit e of these 
successes, the action mechanism of the great majorit y 
of drugs remaine d unexplained . This pertain s for in›
stance, to most of the alkaloids , and pertain s also to 
the hormones , drugs produce d by our own bod y free 
of charge. 

Drug action represent s a wide field of inquiry and 

107 



our approac h can be but a ver y limited one. W e may 
ask, for instance, whethe r charge transfer is not in›
volved in dru g action, some of the drugs acting as 
electro n donors or acceptors . It is difficult to predic t 
the biological effect of such a charge transfer , for the 
action will not only depend on the question , whethe r 
electrons are donate d or tappe d off, but will also de›
pend on the site of action. The cellular membrane , for 
instance, which dominate s many functions of the cell, 
has mostl y a negativ e charge inside and a positiv e one 
outside . So electrons donate d at the inside should in›
crease the charge and lead to hyperpolarization , and 
wit h it to inhibition, while electrons donate d at the 
outside will decreas e the potentia l and can be ex›
pecte d to cause excitation . The opposit e will hold for 
electro n acceptors . W e can be prepare d also to meet 
paradoxica l results . Le t us suppose that a biological 
substance acts by donating electrons . A drug , acting 
as electro n donor , may compet e with a natura l sub›
stance for its acceptor . Interferin g thus wit h the nor›
mal course of electro n transmissio n this drug , though 
itself a donor , may produc e an effect which corre ›
sponds to the inhibition of electro n donation . In spit e 
of all these incertitude s we may expect one definite 
interrelation : If a substance exert s its biological ac›
tivit y by acceptin g or donating electrons , then it 
should have exceptiona l accepto r or donor properties . 

An indication that acceptor-dono r propertie s may 
underli e pharmacologica l action was given on the pre ›
ceding pages. It was shown that the indoles are ex›
ceptionall y good donors , and a great number of bio›
logically activ e substances contain an indole ring 
(serotonin , lysergi c acid, bufontine , indole acetic 
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acid) . Attempt s wer e mad e earlier by Popov , Castel -
lani-Bisi, and M. Craft 1 16 to connect pharmacologica l 
activity , like convulsant effect, with electro n donation . 
That indoles may actually act in their biological reac›
tions as electro n donors is further suggested by the 
fact that the OH group , induced into the serotonin 
molecule at position  5 equally increases pharmacologi ›
cal activit y and the electro n donating property . Sero›
tonin is one of the stronges t donors I ever met though 
the k of the highest filled orbita l is but moderatel y 
lower than that of indole (0.461). So ther e are still 
unidentified molecular parameter s which greatl y in›
fluence donor-accepto r properties . That charge trans ›
fer may be involved in pharmacologica l activit y is sug›
gested also by the fact that the various alkaloids , such 
as quinine, nicotine, atropine , physostigmine , mor ›
phine, strychnine , aconitine, etc. , all act as good 
donors towar d iodine in an anhydro n solution,* and so 
do the ketosteroids , while estrogens , as mentioned be›
fore, prov e to be donors towar d trinitrobenzene . An 
additiona l evidenc e for the possible pharmacologica l 
importanc e of acceptor-dono r propertie s was given by 
Fujimori f who showed that various pteridin e deriva ›
tives are the stronger antimetabolite s of folic acid the 
stronger they act as acceptor s towar d tryptophan . 

* The I2-spectru m absorptio n (in chloroform solution) shifts in 
presence of these alkaloids with an isosbestic point from 520 ôçì 
to a shorter wavelengt h around 400 m/j , while in the UV a broad 
charge transfer is developed . Wit h nicotine the charge transfer spec›
trum develop s slowly, within an hour or so. This tardines s of the 
reaction is characteristi c for many charge transfer reactions . 

f Ref. 94 on page 86. 

1 16 A. I. Popov , C. Castellani-Bisi , and M. Craft , / . Am. Chem. Soc. 
80, 6513, 1958. 

109 



As a further example we may quote nitrophenols , in 
the first  place 2,4-dinitropheno l and halophenols. Dini-
tropheno l is known to have a strong uncoupling ac›
tivit y on oxidative phosphorylation , one or the great›
est puzzle s of current biochemistry . Polynitrophenols , 
on the whole, are very good electron acceptors , owing 
to the unsatisfied electronegativit y of their nitro group, 
and it is believabl e that they capture the high-energy 
electrons which should go into the "black box" dis›
cussed on page 23, forming charge transfer complexes 
with their donor. The same holds for halophenols, the 
strong activit y of which, on phosphorylation , has been 
discovered by Clowes and Krahl. 1 1 7’1 19 Their action is 
less specific than that of dinitropheno l (Middlebroo k 
et al.120). It should also be remembere d that one of the 
most importan t regulator s of cellular oxidation, the 
hormone thyroxine , is also a halophenol, containing 
the most electronegativ e halogen, iodine. It uncouples 
oxidative phosphorylation . It develop s its activit y very 
slowly, in 48 hours or so� a striking sluggishness, char›
acteristi c of many charge transfer reactions, one ex›
ample of which has been analyzed by R. H. Steele, 
i.e. the very slow complex formation betwee n rhoda-
mine ´  and dichlorophenol. * Nitro compounds also 
promot e the transition of the attracte d electron into 

* See "Bioenergetics," (A. Szent-Gyorgyi , Academi c Press, New 
York , 1957), page 54, notes about the depressan t action of di-
chlorophenoxyaceti c acid on oxygen uptake ; see Ibid. p. 122.) 

1 17 G. H. A. Clowes and M. E . Krahl , / . Gen. Physiol. 20, 145, 
1936. 

us M. E . Krah l and G. H. A. Clowes, Ibid. 20, 173, 1930. 
H» M. E . Krah l and G. H. A. Clowes, J . Cellular Comp. Physiol. 

11, 1, 21, 1938. 
1 20 M. Middlebroo k and A. Szent-Gyorgyi , Biochim. et Biophys. 

Acta. 18, 407, 1955. 
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the triple t state , f This can be expecte d also from 
thyroxin e wit h its ver y heavy iodine atoms . 

Another trai n of thought was followed by B. Kam -
iner (unpublished) . The probosci s (a smooth muscle 
preparatio n of Phascolosoma (a marin e worm) , if 
denervated , shows no spontaneous rhythmicity . Sero›
tonin, a donor , is inactive . However , if the prepara ›
tion is treate d first  wit h good acceptors , serotonin in›
duces rhythmi c contractions . The reverse , also, holds: 
after treatmen t wit h serotonin , acceptor s induce 
rhythmi c contraction . 

The obvious way to find additiona l evidenc e for a 
connection betwee n electro n transfer and pharmaco ›
logical activit y could be found by picking drugs with 
extraordinar y pharmacologica l activit y and then ask›
ing whethe r they have extraordinar y qualities as 
electro n donors or acceptors . If the extraordinar y 
biological activit y of the dru g in question is due to an 
electro n transfer then we can also expect that dru g to 
have exceptiona l qualities as electro n donor or ac›
ceptor . 

A dru g with a unique biological activit y is the tran ›
quilizer chlorpromazine * (Fig. 18) which is widely 
used in treatin g the symptom s of schizophrenia . Since 
its introductio n a great number of hospita l beds have 
becom e empty , because among all diseases it was 
schizophreni a which had permanentl y occupied the 
most hospita l space. Wit h this end in view , Karrema n 
et al.121 calculated the fc-values of this substance and 

t Ref. 52 on page 59. 
* The author is grateful for a supply of this substance "Thora›

zine" to Smith, Kline and French, Philadelphia , Pa. 

1 2 1G . Karreman , I. Isenberg , and A. Szent-Gyorgyi , Science 130, 
1191, 1959. 
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found that of the highest filled orbita l quit e excep›
tionally high. In fact, it is smaller than zero , has 
a negativ e sign, being equal to �0.210 , the orbita l hav›
ing an antibondin g character . Such values had been 
found earlier by B. and A. Pullman in leucomethylen e 

blue or reduce d riboflavine , but bot h these substances 
are unstable , autooxidiz e rapidly , tw o electrons hav›
ing been forced upon them. Chlorpromazin e is the 
first  substance found which has an antibondin g high›
est filled orbita l in its normal , stable state . It can be 
expecte d to be an exceedingly good monovalen t elec›
tron donor capabl e of forming stable charge transfer 
complexes , the complex formatio n being supporte d by 
the planar natur e of the extensive system of conju›
gated double bonds with its pool of ð  electrons and 
the lone pair s of electrons on the ˝  and S atoms . 

These ideas may becom e the startin g point of 
various trains of thought . If the action of this dru g 
is due to its qualities as electro n donor and these quali›
ties can be calculated , then, maybe , new and even 
mor e poten t drugs may be found by calculation, which 

H3C C H 3 

FIG. 18. Chlorpromazine . 
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may be still bette r electro n donors and may have an 
even mor e favorabl e action than chlorpromazine . And , 
if the symptom s of schizophreni a can be influenced 
favorabl y by electro n donation , then, perhaps , a lack 
of electrons may be involved in the genesis of this dis›
ease, and if so, the question comes up: what has in›
duced it? If the disturbanc e can be correcte d to some 
extent by electro n donation , could it not have been 
caused by the presenc e of an electro n acceptor ? It is 
most fascinating to note, in this connection, that B. 
Pullman and A. M. Perault * find hematoporphyrin s 
both good donors and good acceptors , and find the 
metaboli c produc t of protoporphyrins , biliverdin , a 
quit e exceptionall y good electro n acceptor . This sub›
stance is, in a way , the counterpar t of chlorpromazine , 
the k of its lowest empt y orbita l having a plus sign 
(0.021), a bonding character . To my knowledg e this 
is the first  substance found to have such a value. Uro›
bilin, a further metabolit e has still strong donating 
properties . Wha t makes these dat a exciting is the fact 
that we metaboliz e a great quantit y of hem daily , 0.7% 
of our tota l blood , and Kluver 122""125 has for many year s 
called attentio n to a close relation of hematoporphyri n 
and menta l disturbance . In newborn s a hyperbilirubi ›
nemia is often found to be accompanie d by grav e ana›
tomica l damag e to the brain . Bilirubin inhibits the 

* Ref. 4 on page 6. 

122 H. Kluver , Science 99, 482, 1944. 
123 H. Kluver , / . Psychology 17, 209, 1944. 
1 24 H. Kluver , Functional difference betwee n the occipita l and tem›

poral lobes, in "Cerebra l Mechanisms and Behavior," L . A, 
Jeffres (Ed . ) , Wiley and Son, New York , 1951, pp . 172-178. 

1 25 H. Kluve r and E. Barrera , / . Psychol, 37, 199, 1954. 
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productio n of hems, 1 26 and similarly to severa l other 
electro n acceptors , inhibit s oxidativ e phosphoryla ›
tion. 1 27 Should schizophreni a be due to the presenc e of 
a strong accepto r in the blood , then, maybe , this sub›
stance could be inactivate d by a strong donor with 
which the accepto r could form a charge transfer com›
plex, relieving the patien t of all his troubles . I am not 
proposin g here a new theor y of schizophrenia . Wha t I 
am tryin g to show is merel y that quantum mechanics 
may suggest unexpecte d new approache s to importan t 
problem s which have been stagnant such a long time . 
The examples quoted also show that the distanc e be›
twee n those abstrus e quantum mechanical calcula›
tions and the patient’ s bed may not be as great as be›
lieved . Startin g on these lines, schizophrenia , with all 
its mysteriou s psychi c aberrations , may turn out, some 
day , to be but the side effect of some, in itself harm ›
less, metaboli c disturbanc e which, once recognized , 
can perhap s easily be corrected . 

"â  R. F. Labbe , R. Zaske, and R. A. Aldrich , Science 129, 1741, 
1959. 

1 27 L . Emster , L . Herlin, and L . Zellerstrom , Pediatrics 20, 647, 
1947. 
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÷ 

On AT P 

AT P I S T H E M A I N F U E L O F L I F E P R O D U C E D I N 

photosynthesi s and oxidativ e phosphorylation . In bot h 
cases it is produce d by an electri c current , that is, the 
energy released by a "dropping " electron . So the ques›
tion arises whethe r the energy of the is not trans ›
formed into a curren t back again when it has to driv e 
life and produc e work , w. I have confessed earlier my 
inabilit y to make sense of the transformatio n of chemi›
cal energy into it>, except by supposing that , somehow, 
the chemical potentia l is translate d into electroni c 
energy . 

A transformatio n demand s a transformer . Lookin g 
at the structur e of the AT P molecule (Fig. 19) one 
wonder s whethe r the adenine group is not the trans ›
former . Wh y should Natur e have attache d it to the 
phosphat e chain if she only wante d the energy of ^'s? 
Pyrophosphat e or inorganic triphosphat e should have 
done just as well! I have also shown, in my littl e "Bio-
energetics,"* that the phosphat e chain and the adenine 
are linked togethe r by the pentose in such a way that 

* "Bioenergetics," page 64. 
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the former can fold back on the latter making 
the two termina l phosphates touch upon the two 
NTs at positions 6 and 7 and form a tetradentat e che›
late with them, using Mg as a link. This possibilit y has 
found some, though not conclusive, evidence in the 
infrared studies of Epp , Ramasarma , and Wetter. 128 

The phosphates may fold back onto the adenine also 
in such a way as to lie flat on the face of the purine. In 
this case the two termina l phosphates could be in 
touch with the ring but not the third one. The folding 
could take place in the pentose and so need not bend 
the phosphate chain, which bending would be resisted 
by the negative charges on the chain and would also 
interfere with the intimate contact with the purine. 
Adenine is a good donor and the Ñ  atom has unoccu›
pied d orbital s which could make it into an acceptor.* 
So the possibilit y exists that within the AT P molecule 
an electron is transmitte d from adenine to phosphate , 
either from the former’s ð-æïïÀ , or from the lone pair 
of one of its N’s.f The rotator y dispersion of AT P solu›
tions also indicates a folded molecule. 

* It seems possible to give reasons why Nature may have selected 
the Ñ  atom for its centra l role. Elements on the left side of the 
periodi c table are metalli c and tend to give off electrons and not 
take them up. The middl e ones, C and Si have no special affinity, 
while the ones farther to the right of Ñ  may have a too great elec›
tron affinity to serve as reversibl e electron transmitters . Of the ele›
ments in the same column as Ñ , ˝  would not do since it has no d 
orbitals . The next heavier element , As, seems to be incompatibl e 
with life for other reasons. So Ñ  may be the only element which 
could fill the role of a reversibl e electron transmitter . I am in›
debte d to Dr. M. Calvin for discussions and ideas on this line. 

t The metachromasi a of polyphosphate s support s the assumptio n 
of their being good electron acceptors . 
1 28 A. Epp , T. Ramasarm a and L . R. Wetter , / . Am. Chem. Soc. 80, 

724, 1958. 
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It seems worthwhil e to reflect about this point since 
this formation , adenine-pentose-phosphate , return s in 
almost all importan t biological catalyst s of energy pro ›
duction or transmission : DPN, TPN, FAD, and coen›
zym e A. The first  thre e have an analogous formatio n 
also on the other side of the phosphat e chain, the se›
quence being pyridine-pentose-pyrophosphate-pentose -
adenine, or isoalloxazine-pentose-pyrophosphate-pen -
tose-adenine , so that not only the adenine could fold 
back onto the phosphate s but also the pyridin e and 
isoalloxazine. The phosphat e thus sandwiched betwee n 
adenine and pyridine , respectivel y adenine and iso-

N H 2 

OH O H O H 

1 1 1 
- P - O - P - O - P -

II II II 
0 0 0 

N ^ V ^ V H H 

J N - C - C - C - C 
N I I I I 

FIG. 1 9 . Adenosinetriphosphat e (ATP) . 

alloxazine could mediat e the electro n transfer betwee n 
the tw o cyclic structure s on its tw o sides. Webe r ac›
tually showed a strong interactio n betwee n adenine 
and isoalloxazine129 respectivel y pyridine. 130 In coen›
zym e A ther e is no pentos e betwee n the phosphate s 
and pantotheni c acid, but this latte r has enough freely 
rotatin g links to be able to fold back on the phosphate . 
It may be also wort h mentioning that only triphos ›
phat e or diphosphat e can fold back onto the adenine 

129 G. Weber , Biochem. J. 47, 114, 1950. 
«ï  G. Weber , Nature 180, 1409, 1957. 
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in a way to allow a sufficient overlap and charge trans ›
fer. Monophosphat e would not do, as is easy to show 
by means of an atomi c model . All the catalyst s men›
tioned contain triphosphat e or diphosphat e (pyro ›
phosphate) , but not monophosphate . 

A charge transfer involves the uncoupling of an 
electro n pair , and represent s thus, in a way , an embry o 
of a current , generatin g a negativel y and a positivel y 
charged molecule. So we may tur n our phantas y loose 
for an instant , and ask whethe r such a charge transfer 
could help us to explain the function of these nucleo›
tides? Le t us consider first  the synthesis of AT P from 
ADP and Ñ  in photosynthesis . The Pullmans* have 
shown lately that , almost withou t exception , the tw o 
atoms disconnecte d in enzymi c hydrolysi s carr y a posi›
tiv e formal charge. This is tru e also for the Ñ� ˇ 
bonds in ATP . These charges can be expecte d to pre ›
dispose the "dipositiv e bond" for hydrolyti c splittin g 
by their mutua l coulombic repulsion . But, if these 
charges predispos e the Ñ� ˇ  bond for splitting,  they 
must also resist the formatio n of this bond , and so an 
electron , transferre d onto the Ñ  by charge transfer 
must tur n the repulsion into an attractio n promotin g 
synthesis . The empt y place on adenine may be filled 
by an electro n of the oxidativ e cycle, releasing thus 
the electro n donate d to the phosphat e chain from its 
electrostati c bondage . 

For consideratio n of the revers e process , the split ›
ting of the Ñ�ˇ� Ñ  bond and the transformatio n of its 
energy into a current , we could tak e as an example 
muscle contractio n in which the energy of the ^ is 
transforme d into motion�mechanica l work . Le t us 

* Ref. 5 on page â . 
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star t wit h an AT P molecule in which an electro n has 
been transferre d from adenine to the phosphat e 
chain.* By this transfer the adenine has to becom e a 
good acceptor , the phosphat e a good donor , and so 
(as a jeux d'esprit, a play of the mind ) we could sup›
pose that adenine accept s an electro n from myosin 
while phosphat e donate s one to actin. This would 
make the positiv e and negativ e charges becom e widely 
separated . Now let us imagine that we take the myosin 
molecule betwee n the tw o fingers of our right hand, 
the other end (actin ) betwee n the tw o fingers of our 
left, and pull the chain apart . If we do this slowly the 
transferre d electro n can be expecte d to slip back to 
its original position . If we would tear the chain in 
tw o ver y fast, allowing no time for the electrons to 
slip back , we would have to do work to overcom e the 
coulombic attractio n betwee n positiv e and negativ e 
charges. W e could tear up the comple x withou t re›
sistance only in one case: if, previously , we have hid›
den in the link to be tor n a sufficient amount of free 
energy to pay for the process . In this case the chain 
could be broke n withou t externa l energy . The 
Ñ�ˇ� Ñ  bond actually has about 10 kcal wort h of 
energy hidde n in it and so this bond could simply 
break and thus separat e the positiv e and negativ e 
charges in actin and myosin , generatin g thus an elec›
tri c potential , a current . Ther e is no difficulty in mak›
ing theories of how such a curren t could produc e con›
traction . 

I can see here the outlines of an extremel y cunning 

* Owing to the unshared pairs of electrons of the ˇ  atoms the 
phosphat e chain can be looked upon as conjugated with mobile *ð 
electrons . 
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scheme. Possibly , Natur e create d in AT P a substance 
which could take up an electro n on one end and 
give one off on the other , while the termina l ^ has 
enough energy hidden to make it possible for a hydro -
lyti c enzym e to split the bond , thus trappin g the posi›
tiv e and negativ e charge out in the contractil e protein , 
thus transformin g chemical energy into a current. * 

I am conscious of speculation which, at the moment , 
has no experimenta l support . All the same, it is this 
speculation which allows me to make for the first  time , 
after twent y year s of muscle research , an intelligible 
pictur e of how AT P could driv e muscle. This is a most 
fundamenta l problem , close to the core of life. 

It can be hoped that ESR will give the answer to 
these problems . It is impossibl e to predic t whethe r a 
charge transfer betwee n adenine and phosphat e would 
give a signal or not, dependin g on the degre e at which 
the tw o electrons becom e uncoupled . All the same, 
ther e is no reason for not puttin g AT P into the ESR 
machine. This has been done by Isenberg et al.13* with 

* It seems possible that some such tricks , as represente d by the 
hypothetica l function of AT P in muscle, has been applied by Na›
ture in other fields too. So, in vision, the photon absorbe d by 
retinene may cause a charge transfer onto opsin. The cis-trans trans ›
formatio n which follows the photochemica l acts, splits the link be›
tween dye and protein , or at least may interfer e with the overlap of 
wave functions, trapping , thus, the transferre d electron on the pro ›
tein, startin g up "excitation." 1 3 1"1 33 

1 31 G. Wald , Scientific American, 201, 92, 1959. 
1 32 V. J . Wolff , R. S. Adams , H. Linschitz , and D. Kennedy , A.M.A . 

Archives of Ophthalmology 60, 695, 1958. 
1 33 V. J . Wolff , R. S. Adams , H. Linschitz , and E . W . Abramson , 

Ann. New York Acad. Sci. 74, 281, 1958. 
1 34 I. Isenberg and A. Szent-Gyorgyi , Proc. Natl. Acad. Sci. U.S. 45, 

1232, 1959. 
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the help of Dr. H. Kallman n of New Yor k University , 
who kindly offered his equipment . A signal was ob›
tained , consisting of a broa d peak , stretchin g over sev›
eral hundre d gauss and carryin g smaller secondar y 
peaks . Since that tim e the author s laborator y has be›
come the happ y owner of an ESR machine. On this 
machine AT P is now subjecte d to a mor e detaile d 
study , allowing us to experienc e all the difficulties con›
nected wit h ESR studies . W e hope to learn soon to 
what extent the observe d spectr a wer e artifacts , or due 
to impurities , or wer e due to the electroni c distribu ›
tion in the AT P molecule itself, giving informatio n 
about the natur e and function of this molecule. 
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X I 

On the Chemistr y of the 

Thymu s Gland 

RESEARC H IS RAREL Y GUIDED BY LOGIC . IT IS GUIDED 

mostl y by hunches, guesses, and intuition . All the 
same, once we get somewher e and presen t our results , 
we like to presen t them as a logical sequence. If the 
course of our work had to be plotted , we would plot it 
as the straigh t line in Fig. 20, wher e A follows ´ , ´ 

FIG. 20. Curv e 1: course of research as presented . Curv e 2: ac›
tual course. (See text. ) 

follows C, etc. The real curv e would be mor e like 
curv e 2, at least for my studies on the thymus . 

In my book on "Bioenergetics" I dragge d in the 
thymu s withou t any binding reason and trie d to show 
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how logically it fitted  into my story , though it was but 
a hunch that this gland had something to do wit h en›
ergy transmissio n because its extract s wer e colored 
mor e yellow than corresponde d to their FMN content . 
I only guessed that myotoni a was due to a defectiv e 
energizatio n of the membran e and that the absence of 
the "thymu s substance" was responsibl e for it. How›
ever loose my reasoning, I could show that the thymu s 
extract s actually cured the myotoni c symptom s in 
goats. As is generally known, 2,4-dichlorophenoxy -
acetic acid produce s myotoni c symptom s in animals 
which might be due to the drugs complexing wit h my 
hypothetica l "thymu s substance." So I was encouraged 
to find that the activ e agent which benefited my goats, 
could be shaken out from the water y thymu s extract s 
by 2,4-dichlorophenol . 

I am still unable to stat e what this activ e substance 
is, or tell whethe r it is a specific produc t of the thy ›
mus. If I bring this gland in again, it is for tw o reasons. 
In my "Bioenergetics" I left the story unfinished. Al›
though I am still unable to finish it, I feel the obliga›
tion towar d my earlier reader s to tell them that I am 
still tryin g to finish it. My second reason is that my 
observation s brough t to light the existence of a second 
substance which is antagonisti c to the first,  and it is 
not impossibl e that the tw o represen t some basic bio›
logical balance connected with the acceptor-dono r re›
lation. So, even if it does not clear up the physiology 
of the thymus , my work can be quote d at least as an 
example of "serendipity, " the experienc e of looking 
for one thing and finding another . 

To be correct , this work on the thymu s is not my 
work at all, but a joint work , starte d in association 
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with Jane McLaughlin , and pursue d at presen t in as›
sociation wit h Dr. Andre w Hegyeli, while the animal 
test s are conducte d by Dr. Hedd a RØv. 

The difficulty in isolating the activ e substance lay 
in the fact that we possessed no suitable biological 
test for it.* Lookin g around for a bioassay we also 
trie d its influence on malignant growth . Our extract s 
seemed to slow it down, or stop it altogether . 

I will forego the discussion of the difficulties of using 
malignant growt h as a test object . Eventuall y the dif›
ficulties wer e solved by using one and the same animal 
for the test and its control , measuring growth’rat e 
while under the influence of extracts , and after . Devia›
tion from logarithmi c growt h was found to be a re›
liable indication of an activity . 

Wit h this test in hand, isolation was begun. For a 
littl e while things went well. Then everythin g got 
mixed up and activit y decrease d or was lost wher e it 
had to increase. Eventuall y the puzzl e was solved by 
the demonstratio n that our extract s contained tw o ac›
tiv e substances , the one promoting , the other inhibit ›
ing malignant growt h and the result depende d on 
their balance. It is a commo n experienc e that tw o un›
known variable s mak e result s messy . 

The proble m is still vigorously pursued and it is 
hoped that the next edition of this bookle t (if any) 
will contain the chemical formulas of the tw o activ e 
agents. 

* Myotoni c goats, as a test object , are very unsatisfactory . 
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XI I 

Th e Livin g State 

THIS, TO M Y MIND, IS A MOST INTRIGUIN G PROB -

lem. It is also the most obscur e one, as difficult to de›
fine as life itself. Although we cannot define life, we 
know life from deat h and can distinguish betwee n a 
dead cat and a live one, which correspond s to the tw o 
basic state s of biological systems . The proble m is, per ›
haps, not quit e as abstrus e as it appear s on first  sight 
because we can produc e the transitio n by simple ex›
perimenta l means from the one stat e into the other , at 
least "one way." To stay wit h the cat , we can, for in›
stance, wipe out consciousness in one blow by clampin g 
the caroti d artery , that is, cuttin g the 0 2 supply to 
the brain . Consciousness being the main produc t of the 
brain , this means the cessation of biological activity . 
It could be objecte d that this is not death , the change 
being reversible . However , the reversibilit y has ver y 
narro w limits . If we keep the carotid s clampe d for a 
few minutes , the change become s irreversible . This 
means that the living system was in a metastabl e stat e 
which needed a permanen t supply of energy for its 
maintenance , the half-lifetime of the living stat e being 
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of the orde r of minutes . No doubt , similar changes 
can be produce d also in other organs though the half-
lifetime may var y to some extent . The same point can 
be demonstrate d by cyanid e in an even mor e dramati c 
fashion. If we inject cyanid e into one of our veins the 
first  thing we notice is that we are dead . Cyanide , as 
we know from Warburg’ s classic work , cuts out the 
activatio n of 0 2 , combining wit h some catalyti c meta l 
present . 

That living system s are in a metastabl e stat e which 
demand s the permanen t supply of energy for its main›
tenance, is no surprise . The second law of thermo ›
dynamic s could predic t this. Wha t is unexpecte d is 
the brevit y of the half-lifetime. This is a surpris e be›
cause most organs have a considerabl e store of ATP , 
backe d up by creatin e phosphate , while limited 
amounts of AT P can also be produce d anaerobically . 
This AT P should be able to tid e us over much longer 
period s of lack of 0 2 , if it could supply the energy 
needed to maintain the metastabl e living state . 

Ther e is no doub t in my mind that the energy for 
muscular contractio n is derive d from ATP . Whe n mus›
cle enter s into activit y to perfor m its publi c function, 
contraction , it suddenly demand s great amounts of en›
ergy . O2 supply is slow and continuous. So muscle 
could not depend on O2 for the energy of its contrac ›
tion, directly , and has to use as energy source a sub›
stance like ATP , availabl e any tim e in moderat e 
amounts . But, if AT P can cover the sudden great en›
ergy demand s of a publi c function, why can it not 
cover the modes t and continuous demand s mad e by 
the privat e life of the cell, the maintenanc e of its 
metastabl e state ? Is it not that ther e are tw o inde-
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penden t system s of energy production , bot h using O2 
as their final electro n acceptor , the one located in 
mitochondri a and responsibl e for the productio n of 
ATP , while the other is located in the basic cellular 
structure s themselve s which have to be maintaine d in 
their peculiar state ? 

A glance at Fig, 4 makes such an assumptio n seem 
reasonable . This figure intends to show that a con›
siderabl e portio n of the electrons , which are sent down 
the chain of oxidativ e phosphorylatio n to produc e AT P 
by their energy , are derive d from DPNH or TPNH. 
But why should the organism tak e this long detou r 
over mitochondria l oxidativ e phosphorylatio n and AT P 
to satisfy a slow and continuous demand ? Wh y could 
the high-energy electrons of DPNH or TPNH not be 
placed mor e directl y on the living structur e which 
eventuall y could couple them to O2 using their energy 
mor e directly ? 

All this may be speculation , but once we recogniz e 
the existence of a metastabl e living stat e we have to 
ask questions and speculat e to find a reasonable work ›
ing hypothesis . To say that it is AT P which maintains 
the living stat e is no mor e than a speculation either , a 
speculation burdene d wit h major difficulties. The hy›
pothesi s I am proposin g is this: the cell derive s the 
energy necessary for the maintenanc e of its living stat e 
directl y from DPNH or TPNH. As a first  mov e in this 
direction , we may ask questions about the tw o ends 
of the hypothetica l process : how are the electrons of 
DPNH or TPNH transmitte d to the protei n edifice, 
and how could electrons be transmitte d from this edi›
fice to O2? Ther e are tentativ e answers possible to 
bot h questions . 
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As to the first:  Talalay, Williams-Ashman , and Hur-
lock135"138 have shown that steroids can mediat e the 
electron transfer betwee n pyridin e nucleotides in the 
presence of protei n (both specific and unspecific). 
Wh y then could they not mediat e the electron trans›
fer betwee n TPNH or DPNH and the protein edifice 
itself? That steroids can, with their = 0 act as donors, 
has been shown to be probabl e in Chapte r VII , and a 
steroid which has donated an electron must be a good 
acceptor , enabling the molecule to act as an electron 
transmitter . 

As to the other end, 02, Debye and Edwards 139 have 
found that proteins , illuminated by shorter UV, emit, 
at low temperatures , a long-lasting afterglow , which 
has been studied also in my laboratory 140 using, by 
preference , proteins of the lens which contain no hem 
dyes. This light emission is completel y quenched by 
0 2 which, evidently , picks up the excited electrons. 
The direct transmission of electrons from the protein 
to O2 may thus be demonstrate d by simple means.* 

* It is noteworth y that the long-lived afterglow of tryptopha n is 
not quenched by Q 2 while that of protei n is, though the emission of 
protei n is, in all probability , an emission of its tryptophans . Though 
less probable , the possibilit y should not be disregarde d that the 
quenching by 0 2 is due to its paramagnetism , being a "paramagneti c 
quenching/’ 

1 35 P. Talalay and H. G. Williams-Ashman , Proc. Natl Acad. Sci. 
U.S. 44, 15, 1958. 

1 36 P. Talalay , B. Hurlock , and H. G. Williams-Asliman , Ibid. 44, 
862, 1958. 

B. Hurlock and P. Talalay , / . Biol Chem. 234, 886, 1958. 
1 38 B. Hurlock and P. Talalay , Arch. Biochem. Biophys. 80, 468, 

1959. 
1 39 P. Debye and J . O. Edwards , Science 116, 143, 1952. 
1 40 A. Szent-Gyorgyi , Biochim. et. Biophys. Acta. 16, 167, 1955. 
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All the same, the experienc e with cyanid e indicate s 
that some metal-containin g catalys t is involved in 
coupling the electrons to O2. 141 

The hypothesi s presente d would also give an ex›
planation for the hithert o unknown mechanism of ac›
tion of steroids . Wha t we know about it at presen t is 
hardl y mor e than that steroid s are indispensabl e for 
life, and life simply fizzles  out in their absence. 

Wha t happens betwee n the hypothetica l steroid and 
O2 end is but a question mark , the whole proble m hav›
ing never been state d before . The fate of the electro n 
within the protei n or nucleoprotei n structure s would 
depen d to a great extent on the natur e of these mac-
romolecular aggregate s and their hydrat e shells, 
whethe r they are semiconductors , proto n conductors , 
etc. Our approac h to these problem s will depen d to a 
great extent , also, on the question of what we mean 
by energy . Whateve r this wor d may mean, the energy 
of an electro n can convenientl y be expressed in term s 
of ionization potential. * It seems likely to me that as 

* One could also talk about an "electron pressure " ( in analogy to 
pH ) which is inversely proportiona l to IP. The negative potentia l of 
the "inside" of most cells, as compare d with the "outside" may 
have relations to the higher electron pressur e inside. 

1 41 The cyan-sensitiv e enzyme s may be peroxidases . H. G. Williams -
Ashman, M. Cassman, and M. Klavin s have shown (Nature 
184, 427, 1959) peroxidase s to oxidize DPNH or TPNH under 
catalyti c influence of estrogens . This is the more remarkabl e 
since estrogens , which induce a hypertroph y of the uterus mus›
cle, also cause peroxidase s to appear in this organ in high con›
centratio n ( F. V. Lucas, H. A. Neufeld, J . G. Utterback , A. P. 
Martin , and E . Stotz , / . Biol Chem. 214, 775, 1955). These 
peroxidase s could also utilize the H 2 0 2 formed in the reductio n 
of 0 2 . That estrogens , with their aromati c structur e can act 
also as ô donors , was demonstrate d by Williams-Ashma n (see 
page 90 ) . 
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pH is equalized within the single cells by buffers, so 
the ionization potential s also are equalized by electro n 
donors and acceptors . Ascorbi c acid, wit h dehydro -
ascorbi c acid, may be one of these "IP-buffers." Ions, 
acting as donors or acceptor s may also be instrumenta l 
in this equalization . As electro n acceptor s and donors 
are, in the extende d ideas of G. N. Lewis , acids and 
bases, so "IP-buffer" means but an extension of the 
idea of an acid-bas e buffer. The NH groups of the 
protei n backbon e can be expecte d to be strong donors , 
while the CO groups may act as "ketoid acceptors " 
or lone-pair donors , bot h located strategicall y in the 
continuous chain of ˙-bond s which conjugat e the 
whole protei n molecule and may creat e continuous 
energy bands (see Evans and Gergely * and Eley et 
al)A 

Certainly , the living stat e involves many factor s and 
at presen t we can hardl y do mor e than to tr y to col›
lect single items in the hope of fitting  them togethe r 
later . 

One of the characteristic s of the living stat e is the 
accumulation of ions against a gradient , concentration s 
becoming equalized in death . W e still have no final 
answer to the question of how ions are accumulated . 
W e only have theories . Is it a redo x pump , as sug›
gested by Conway, 1 42 or is it some different juggling 
with carriers , or is it a bulk property, 1 43 a consequence 
of structure ? W e do not know. The fact that ion trans -

* Ref. 31 on page 51. 
f Ref. 32 on page 51. 

1 42 E . J . Conway , Science 713, 270, 1951. 
1 43 S. L . Baird , Jr. , G. Karreman , H. Miiller, and A. Szent-Gyorgyi , 

Proc. Natl. Acad. Sci. U.S. 43, 705, 1957. 
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por t against a gradien t is paralyze d by cyanid e but 
not by 2,4-dinitropheno l (which stops AT P produc ›
tion by oxidativ e phosphorylation ) also suggests that 
the energy used is derive d from some other source 
than ATP . 

One importan t characteristi c propert y of the living 
stat e seems to be its paramagneti c behavior , as sug›
gested by the work of Commoner * and his associates 
who found the intensit y of the ESR signal given by 
various animal or vegetabl e tissue proportiona l to the 
intensit y of metabolism . One is reminde d of the Lati n 
saying: "the faster a motion the mor e it is."t The in-
tenser life and metabolism , the mor e life it is, and the 
intenser the paramagneti c behavior , while in deat h 
diamagneti c susceptibilit y increases. 144 The ESR sig›
nals of live tissue seem to come chiefly from the free 
radical s formed in metabolism . Commoner’ s groups , 
as well as Ehrenber g and Ludwig, | found the free 
radica l forme d on partia l reductio n of FMN and its 
protei n complexes to give a signal. Othe r free radical s 
may have contribute d too, and so might have con›
tribute d other charge transfer complexes going into 
their ionic state . In any case, the ESR signal seems to 
be a signal of life, though given also by stable sub›
stances such as melanin or various resins.** Anythin g 
alive seems to give a signal, "your finger or the 
mouse’s tail."§ 

* Refs. 7, 8, 9, 10 on page 6. 
f "Quo celerior motus eo magis motus." 
t Ref. 89 on page 82. 
** Ref. 7 on page 6. 
§ Conversatio n with M. Calvin . 

1 44 E . Bauer, Nature 138, 801, 1936. 
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These observation s give the impressio n that the 
paramagneti c behavior is due to the free radical s 
formed in the one-electron redo x processes , but we 
should not forget that a not inconsiderabl e par t of the 
living protei n structur e must actually be presen t in 
the form of a charge transfer complex , is thus, in a 
way , a free radical . T o convince oneself of this, one 
has to look only at the intense brow n coloration of the 
liver . In spit e of the undoubtedl y numerous efforts , 
nobody ever has isolated the dy e which could have 
been mad e responsibl e for this color. I have isolated a 
considerabl e quantit y of a chocolate brow n substance , 
which on treatmen t wit h HC1, fell into a colorless 
protei n and a golden yellow flavine. Evidently , this 
substanc e was a charge transfer comple x of protei n 
wit h FMN and the brow n coloration of the liver has 
to be ascribe d to the formatio n of a charge transfer 
complex wit h isoalloxazins. The kidney and the 
adrena l corte x are brow n too. The brain may be whit e 
because of the great bulk of dielectric s it has to con›
tain, although the cortex , which is richer in cells, has 
a brownis h coloration , and wher e cells aggregate , as 
in the "red nucleus," the brow n color become s quit e 
evident . It is not impossibl e that flavines are not the 
only substances forming charge transfer complexes 
with the proteins . Steroids , as donors , might do like›
wise, giving charge transfer complexes wit h spectr a in 
the infrared or ultraviolet . 

As the last item on my list of the peculiaritie s of the 
"living state" I would like to touch upon one of the 
most intriguing observation s of the last years , that of 
the ver y broa d signal given by nucleoprotein s (Blum-
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enfeld, Kalmanson , and Shen-Pei*). This signal (if 
really due to the protein-nuclei c acid complex ) indi›
cates a densit y of unpaire d electrons which is almost 
comparabl e to that found in metals , to which metal s 
owe their conductivity . This finding, if corroborated , 
may lift a veil which now obscures the real natur e and 
meaning of protein , nucleic acid, and nucleoprotein . 

All these factor s are part s of the magnificent edifice 
of life, as bricks , lying on the roadsid e may have been 
part s of a Greek temple . 

In an earlier chapte r I emphasize d the biological 
importanc e of "organization, " by which I meant that 
if Natur e put s tw o things togethe r a new structur e is 
bor n which can no mor e be describe d in term s of the 
qualities of its components . The same holds also for 
functions. In living system s the various functions, too, 
seem to integrat e into higher units. W e will really ap›
proac h the understandin g of life when all structure s 
and functions, all levels, from the electroni c to the 
supramolecular , will merg e into one single unit. Until 
then our distinguishing betwee n structur e and func›
tion, classic chemical reaction s and quantu m me›
chanics, or the sub- and supramolecular , only shows 
the limited natur e of our approac h and understanding . 

* Refs. 71, 72 on page 71. 
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